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ABSTRACT OF DISSERTATION 
 
LOCALIZED MECHANICAL DEFORMATION AND DISSOLUTION OF 
45S5 BIOGLASS 
 
Bioactive glasses react with the human physiological solution in control of their 
biofunctionality. The stress state in bioactive glasses determines the chemomechanical 
reaction and their biofunctionality. Using the microindentation technique, the effect of 
the indentation deformation on the surface damage and material dissolution of 45S5 
bioglass was investigated.  
 
The indentation-induced residual stresses were calculated. Complete anelastic 
recoveries of the indentation depths and the impression marks were observed for the 
first time, which was likely driven by the stored strain energy over the anelastic 
deformation zone. The indentation-induced local surface damages were revealed 
before and after the immersion tests in phosphate buffer solution (PBS). The growth 
of the cracks in the PBS solution displayed the stress-corrosion behavior with the 
crack-growth speed being a linear function of the indentation load.  
 
45S5-bioglass was crystallized at temperature of 650 ºC. Microindentation 
technique also was used to study the localized mechanical behavior of the crystallized 
45S5-bioglass. The crystallization had little effect on the indentation hardness, and the 
indentation hardness of the crystallized 45S5-bioglass is the same as that of the 
corresponding material in vitreous state. The fracture toughness is about 3 times less 
than that of annealed 45S5-bioglass in vitreous state, suggesting the preference of 
using bioactive glasses of vitreous state in the implant applications. Also, the effect of 
crystallization on the material dissolution was examined in phosphate buffer solution.  
 
We also studied the growth and mechanical behaviors of the Ca-P precipitate 
layers formed on 45S5 bioglass in simulated body fluid. The thickness of the Ca-P 
precipitate layers was proportional to the square root of the immersion time, and the 
ratio of Ca/P in the Ca-P precipitate layers increased with the immersion time and 
approached 1.67, corresponding to the stoichiometric hydroxyapaptite (HA).Using the 
indentation technique, the indentation behavior of the Ca-P precipitate layers was 
 
investigated. The indentation hardness of the HA layers formed in SBF was found to 
be 0.40 GPa, and the contact modulus was 12.0 GPa. The contact modulus of 12.0 
GPa is close to that of cortical bone. In this thesis, the primary mechanical properties 
of the non-crystalline and crystalline bioglass 45S5 were revealed. The relationship 
between the dissolution rate and localized residual stresses are discussed. With such 
knowledge, the evaluation of implants with respect to manufacturing processes, 
control, and service conditions now has another variable to consider and evaluate 
against performance. 
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1 
Chapter 1 Introduction and Overview 
 
1.1 Fundamental of Bioglass  
1.1.1 Concept, classification, and applications of bioglass 
 Bioceramics are ceramics used for the repair and reconstruction of diseased or 
damaged parts of the musculo-skeletal system [1], in which bioglass is a type of glass 
having the potential to be used as a medical implant material. Bioglass is bioactive, 
designed to be resorbable and slowly replaced by bone in a biological environment. In 
general, bioceramics can be classified by bioactivity and chemical composition. 
Designations include bioinert, resorble, and bioactive. Most types of bioceramics can 
be designed to be porous for tissue ingrowth. Examples are given in Table 1.1. 
 Bioglass has a range of compositions. The compositions of three common 
bioglasses are given in Table 1.2. [2] Nowadays, with the advancement in new 
processing techniques, especially sol-gel processing methods, some bioglasses can 
have as much as 90 wt% SiO2 [1]. Although it is often a component in bioglass, P2O5 is 
not necessary for bioglass to exhibit the required properties [1]. If glasses have too 
much P2O5 (>6 wt%), they will probably not bond to bone [1] and also P2O5-free 
Na2O-SiO2 glasses have been observed by Ogino et. al. to form an apatite layer on 
their surfaces when exposed to calcium-phosphate solutions [3]. Bioglasses can be 
classified by chemical compositions which include SiO2, CaO and P2O5, Na2O, K2O, 
MgO, Al2O3, CaF2, B2O3 and other compositions as optional. The mechanical 
properties and bioactivity of bioglass are sensitive to their composition. Use as 
implants for repair of biological tissues, usually the hard tissues of the 
musculo-skeletal system, such as bones, joints, or teeth, is one of the most prevalent 
clinical applications of bioglass. Currently, the greatest difficultly encountered with 
xenotransplants (transplants between species) of bone is immune rejection by the 
body[4]. In past years, researchers and scholars [5], [6], [7] have attempted to overcome 
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the immune rejection of bone by using various techniques such as freezing, boiling, 
and immersion in chemicals. Another challenge for the implant materials is to replace 
old, deteriorating bone with a material that can function through the entire patient’s 
life, which is to say the biomaterial needs to last for 20+ years [1]. In addition, the 
biological environment for implanting ceramic materials is especially harsh because 
of the corrosive condition of saline solutions at 37˚C and the ceramic implants must 
maintain stable chemomechanical properties under variable, multiaxial, and cyclical 
mechanical loading. Thus it is essential to identify the dissolution/corrosion behaviors 
of bioglass in simulated body solutions and also the related biological responses. 
There are several characteristics such as the composition, processing technique, 
porosity, surface roughness, residual stress and crystallinity which may affect the 
dissolution/corrosion behaviors and the biological response of bioglass in a  
biological environment. Some of these characteristics have been proven to favor the 
surface reaction and bioactivity of bioglass, while others have not been studied 
enough to reach a widely-accepted conclusion on the effects. In the Chapter 1, the 
composition, processing techniques, porous characteristics, surface roughness, 
residual stress, and crystallinity effects on bioactivity of bioglass will be introduced. 
The major goal and research emphasis will be summarized as well.  
 
1.1.2 Bioglass reaction and definition of bioactivity 
Bioglass reaction with the biological environment involves two major stages. One 
is the formation of a Hydroxycarbonate Apatite (HCA) layer, which is rapid and 
sensitive to the composition of materials. [1] The second involves the ingrowth of bone 
cells. For bioglasses implanted into a biological body, the reactions are sensitive to the 
microstructure of the implant since there are several steps related to biological actions 
of bones. The surface reaction steps are summarized in Figure 1.1. 
   Generally, when the bioactive glass is tested in vitro, the first stage of the surface 
reaction is used an indicator to characterize the in vitro bioactivity. The first stage 
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(the first five steps in Figure 1.1) occurs very rapidly on the surface of most 
bioglasses because of fast ion exchange of alkali ions with hydrogen ions in body 
fluids. [1] Although the first stage occurs rapidly, it is essential because it leads to 
biochemical adsorption of growth factors and a synchronized sequence of cellular 
events (the second stage) including action of macrophages, attachment of stem cells, 
differentiation of stem cells, generation of a matrix and proliferation and growth of 
bone, which may take a few weeks or more. [1] Cerruti’s group studied the early stage 
ionic exchange and claimed that the cation leaching, silica network formation and 
phosphate reprecipitation are not sequential steps of reaction but occur at the same 
time. [8] In our study, we are focusing on the first stage of the surface reactions. The 
dissolution of the surface and the formation of the hydroxyapatite layers are used as 
two major indicator of the bioactivity of the bioactive glass.  
Bioactivity is defined and characterized by different behaviors of biomaterials 
when under different environments. In the research on bioglass, the dissolution of the 
materials and the formation of HA layers is usually used as the indicator of bioactivity 
of bioglass in the in vitro tests. The response of an organism, especially the cell 
proliferation and ingrowth is usually used as the indicator of bioactivity of bioglass in 
the in vivo tests.  
There are several variables that could affect the bioactivity of bioglass in different 
stages and ways. These variables can be classified into two types, one set of factors 
that favor of the formation of HCA, and the other that facilitate ingrowth of bone cells. 
These variables are shown in Table 1.3. 
   Depending on the reactions between the implanted materials and bio-tissues, the 
composition, porosity and pore morphology, surface roughness and morphology, 
residual roughness and crystallinity of bioglass can be important variables for 
controlling the bioactivity of bioglass. As for the composition and porosity effects, 
there have been conclusions of the factors that give better bioactivity. For example, 
higher SiO2 content has been proved to favor surface reaction because of the high 
concentration of nucleating sites it generates in gel glasses [9]. High porosity and 
interconnected pores larger than 100 microns have been proved to be able to 
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facilitate ingrowth of bone cells [9], [10], [11], [12]. 
 
1.1.3 Processing techniques  
To meet the requirements for various applications, more and more processing 
techniques have been developed since the first sinter-derived bioglass. For tissue 
engineering applications, a scaffold made with bioglass is required that can act as a 
template and guide for osseointegration including cell proliferation, cell 
differentiation and tissue growth, thus bioglass is usually expected to be porous and 
mechanically strong. 
There are four different processing techniques which are mostly used in the 
production of bioglass materials: sintering [13], [14], tape casting and sintering (TCS) 
[11],[15],[16], sol-gel foaming (S-G (F)) [17] , and sol-gel processing using pore former 
(S-G (PF)) [12],[10], [18]. The sol-gel processing for making bioglasses is relatively 
newer compared to the sintering-based techniques. However, it is difficult to tell 
which one is better than the others because many factors can be used to evaluate the 
biological performance of bioglasses generated with different processing methods. 
For example, bioactivity, as indicated by the ability of bone cells to proliferate and 
grow into the implant in vitro and in vivo, is essential to determining whether a 
bioglass can be used as an implant to induce osseointegration. Thus, the pore size, 
distribution, and pore volume all contribute to the control of bioactivity. As an 
implant material, a bioglass should be pure, clean, and biodegradable. Ideally, the 
mechanical properties must match that of the bone. Sol-gel derived bioglass is 
generally found to have higher porosity and better mechanical properties than 
bioglass produced from sintering [19] . For economical reasons, the cost and 
productive cycle time should also be considered to ensure that the bioglass implant 
can be easily manufactured. The sol-gel processing techniques are usually more 
expensive than sintering techniques because of relatively longer production cycle.  
Melt-derived bioglass including tape casting derived bioglass can match the 
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mechanical properties of natural bone and have a function gradient structure 
mimicking the structure of natural bone. Generally the melt-derived bioglass will 
have more advantages structurally and economically until the sol-gel processing 
becomes more mature.  
 
1.2 Factors affecting the Bioactivity of Bioglass 
1.2.1 Porous characteristics  
1.2.1.1 Effects of porosity on mechanical properties and bioactivity 
The IUPAC classification of pores according to their size is given in Table 1.4. 
The current understanding of bioglasses has been mainly developed based on the 
relative ease of formation of the HCA layers on the bioglasses surface while testing 
in vitro. Since the current direction of biomaterials research towards assisting or 
enhancing the body’s own reparative ability[20], porosity (including the average 
interconnected macropore size and surface roughness) is an important parameter to 
understand in biomaterials because of its potential effect on the proliferation and 
ingrowth of bone cells. 
 
1.2.1.2 Characterization of porous materials  
Since porosity and pore size are important parameters of bioglass, precise 
characterization of porous characteristics is necessary. An appropriate 
characterization of porous materials should include an analysis of the pore size 
distribution, pore morphology, total porosity, thickness of different layers or porous 
clusters [21]. For bioglass, the interconnectivity of macropores is another important 
factor determining bioactivity of the material. The selection of different 
measurement methods must be based on the pore sizes of materials, which are listed 
in Table 1.5. 
   Mercury-intrusion porosimetry (MIP) is the standard method of measuring pore 
size distribution of macropores[10]. Mercury is a non-wetting liquid for almost all 
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substances, and consequently, it has to be forced into the pores of these materials. 
Pore size and volume quantification can be accomplished by submerging the sample 
under a confined quantity of mercury and then increasing the pressure of the mercury 
hydraulically. [22] As applied pressure is increased more mercury penetrates into the 
sample. The data obtained give the distribution of pore volume directly. With the aid 
of a pore physical model, a simple calculation of the dimensional distribution of the 
pore size can be obtained. Mercury intrusion porosimetry has been widely used in 
the characterization of the pores with diameters in the range from 360µm to 
0.0055µm [22]. 
X-ray microtomography and three-dimensional image analysis are regarded as 
good techniques to characterize both the pore size (pore diameter ranging from 
200µm to 2nm) and the interpore aperture size distribution in engineered tissue 
scaffolds made of bioactive glass foams [23]. X-ray microtomography measures the 
3-D internal structure of a material based on variations of X-ray absorption. 
Hundreds of radiographs of a sample are taken at small angular increments over 180 
degrees of the sample rotation. A computer algorithm inverts this data to produce a 
3-D absorption map [24], [25]. 
   Gas adsorption is a prominent method to obtain a comprehensive 
characterization of porous materials with respect to specific surface area, pore size 
distribution and porosity [26]. Pore size, pore shape and effective adsorption potential 
are the factors that determine the pore filling. For micropores (pore size < 2nm) the 
filling into pores occurs in a continuous way, while for mesopores (pore size in the 
range of 2nm – 50nm) the filling occurs by the pore condensation, which reflects a 
first order gas-liquid phase transition [27]. 
There are also several techniques which have been developed for determining the 
pore size distribution of porous materials including microscopic tools such as 
various gas and liquid displacement methods like capillary flow porometry[28]; 
quantitative methods for the pore characterization[29] are required when scaffolds are 
tailored for tissue engineering applications. The pore morphology is usually 
characterized by Scanning Electron Microscopy (SEM). Appropriate measurement 
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techniques should be chosen according to physical circumstance and requirement. 
1.2.1.3 Control of porosity 
As mentioned in section 1.1.3, porosity can be controlled by using different 
processing methods or using different techniques for the same processing method to 
achieve different pore sizes, interconnectivity, pore volume and pore morphology. 
Polymer particles, larger than the desired pore size, can be used in sol-gel processing 
method as pore formers [12],[10], [18]. By controlling the size of the polymer particles, 
the pore size of bioglass can be controlled as well as by adding surfactant into the 
sol. 
 
1.2.2 Surface Morphology 
1.2.2.1 Effects of surface morphology on bioactivity of bioglass 
   Since the chemical reaction to form the HCA layer always occurs on the 
surface of the implants, it is essential that surface roughness as well as surface 
morphology of bioglass be characterized in research and controlled in applications. 
Atomic Force Microscopy (AFM) can be used as an effective technique for 
characterizing surface roughness. In the measurement process, a small probe is 
scanned across the surface of sample to obtain three-dimensional topographic 
information of the sample surface[30]. The tip is scanned laterally across the surface, 
and the vertical movement of the tip is recorded and used to construct a quantitative 
three-dimensional map of surface morphology as well as the surface roughness. 
Compared to scanning electron microscopy (SEM), AFM provides more accurate 
topographic contrast, direct height measurement and require no conductive 
coating. Thus AFM is an important technique to collect information about surface 
texture. 
 
1.2.2.2 Measures of surface roughness 
   The surface roughness can be described in different ways, which are generally 
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classified into three basic categories including: 1) statistical descriptors, 2) extreme 
value descriptors, and 3) texture descriptors [31]. Table 1.6 lists the roughness value 
measured by different approaches. 
Among these descriptors, the Ra (arithmetical mean roughness of a surface) 
measure is one of the most common surface roughness measure adopted in 
engineering practice. It gives a good general description of the height variations on a 
surface[31]. Ra measure is the descriptor which is most likely used in research.  
Different measurement techniques can be used to inspect and assess the surface 
roughness of materials which can be ranked into four classes. The first one is the 
direct measurement method which assesses surface finish by means of stylus type 
devices. Measurement is conducted by using a stylus drawn along the surface to be 
measured. The stylus motion perpendicular to the surface is registered. This 
registered profile is then used to calculate the roughness parameter [32]. 
The second is a comparison-based technique. The comparison technique uses 
specimens with surface roughness produced by the same process, material and 
machining parameters as the surface to be compared [32]. Visual and tactile senses are 
used to compare a specimen with a surface of known surface finish.  
Some work has also been done measuring surface roughness using non contact 
techniques such as electronic speckle correlation method for example [33]. Finally, 
there are several other methods for measuring surface roughness. For example, in 
machine vision technique [34], in which a light source is used to illuminate the 
surface with a digital system to view the surface with the data being sent to a 
computer to be analyzed. The digitized data is then used with a correlation chart to 
obtain actual roughness values. In inductance method [35], an inductance pickup is 
used to measure the distance between the surface and the pickup. This measurement 
gives a parametric value that may be used to give a comparative roughness. However, 
this method is limited to measuring magnetic materials. In an ultrasound method [36], 
a spherically focused ultrasonic sensor is positioned with a non normal incidence 
angle above surface. The sensor sends out an ultrasonic pulse to a personal computer 
for analysis and calculation of roughness parameters. 
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1.2.2.3 Control of surface roughness 
   Ceramic materials are hard to machine with good control of surface roughness, 
so the porosity of materials is the major factor affecting the surface roughness. 
There are other ways to change the surface roughness of bioglass by using 
chemical etching, laser surface modification, and heat treatment. 
   During surface etching, the surface of a bioglass is in contact with an acid 
fluoride salt solution. The solution contains a complexing agent, which forms a 
complex with ions dissolving from the glass. An acidic fluoride solution suitable 
for etching must have a considerably high concentration of fluoride, which can be 
achieved by using a fluoride compound having as a high water-solubility as 
possible. A good example is saturated aqueous solution of ammonium fluoride, 
having an ammonium fluoride concentration of approximate 27 M [37]. 
   The acidity of a solution should not be too strong in etching a bioactive glass 
[37]. Too low a pH causes uniform dissolution and gelling of the surface. A suitable 
pH was proven to be within the range of 1.5-5, preferably 2-5 [37] . For this reason, 
strong acids are not used in the etching of bioglasses. 
   During etching, silicon dissolves from the surface of bioglass because of 
hydrogen ions. Silicon ions together with fluoride ions form a water-soluble 
compound SiF62-. [37] Calcium ions are also released, and they can form a 
water-soluble complex together with acid. This prevents the formation of poorly 
soluble Ca2+ compounds and their precipitates on the surface of the etched glass 
[37]. The etching time required for the etching depends, among other variables, on 
the concentration of the etching solution, temperature, composition of bioglass, 
and ranges from a few seconds to up to several hours.  
   KrF excimer laser treatment has been used to modify the surface topography 
of materials. [38] This processing technique uses a mask projection 
micromachining system. Surface treatment of materials with excimer laser 
radiation often results in formation of a rough columnar or cone-shaped surface 
topography, which leads to a considerable increase in surface area. As a result, the 
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search for a non-porous bioactive material with adequate mechanical properties 
and a high surface are to volume ratio, similar to porous materials, justifying the 
use of excimer laser surface treatment to promote control the roughning of 
hydroxyapatite (HA) and glass-reinforced hydroxyapatite (GR-HA). It has been 
shown that laser surface modification increases the surface area of HA and 
GR-HA [38].  
   Heat treatment allows evaporation of volatile species, segregation of selected 
ions or oxides on surface, and chemical adsorption or reaction with gases in a 
heat-treatment atmosphere. All of these result in the change of surface 
composition that can influence surface reactivity [39]. The schedule of heat 
treatment, including temperature and time is vital in controlling the surface 
roughness of the resulting materials. The heat-treatment method has been used to 
change the surface morphology of asymmetric PAN hollow fiber membranes [40], 
aluminum alloy sheets [41], polyethersulfone hemodialysis membranes [42], 
holographic gratings [43] and bioglass coatings [44].  
 
1.2.3 Residual Stresses  
1.2.3.1 Effects of residual stresses on bioactivity of bioglass 
The bioactivity of bioglass mainly depends on the surface reaction between the 
biomaterial and biological environment, and consequently, control of surface 
conditions is essential for the success of the implant biomaterials. Besides surface 
roughness, localized residual stress, which can be created during processes such as 
heat-treatment in sintering beads, burning in the sol-gel processing, or machining, 
may also play an important role in determining the biocompatibility of the implanted 
bioglasses [45], [46].  
 
1.2.3.2 Residual stress measurement 
Because stress is not a directly measurable quantity, another quantity must be 
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measured from which the stress can be calculated. The most commonly used 
quantity is strain [47]. There are many methods available to calculate residual stress 
and strain as shown in Table 1.7. In the hole-drilling method, the strain response is 
measured from the surface by a strain gage. Then, the strain energy released can be 
calculated from the relation between stress and strain. To release residual stress, 
mechanical or electro-discharge machining (used for metallic specimen only) is used 
for making a hole or an annular groove which can be measured by strain gage. The 
residual stress field can be calculated from the acquired strain distribution as a 
function of depth with different algorithms or relaxation functions [47]. 
 
1.2.3.3 Indentation technique 
   As materials science continues progress towards studying the properties of 
materials on smaller and smaller scales, different techniques have been developed to 
quantify material behavior. Measuring mechanical properties of materials on small 
scales, like thin films, cannot be done by using conventional uniaxial tensile tests. As 
a result, techniques measuring material hardness or other mechanical properties by 
indenting materials with an indenter have been developed. 
   The original purpose of indentation tests was to determine the hardness of 
materials [48], and it was therefore called an indentation hardness test. Basically, 
hardness measurement quantifies the resistance of a material to plastic deformation. 
Indentation hardness tests can be divided into two classes: microindentation and 
macroindentation tests. Typical microindentation test use forces less than 2 Newtons 
(2 N). Usually microindentation provides a relative idea of material hardness instead 
of a fundamental material property [48]. Thus, micro hardness can only offer a 
comparative idea of a material’s resistance to plastic deformation since varied 
hardness measurement techniques have varied scales.  
     One of the effects of the indentation load has on the indentation test is the 
pile-up or sink-in of surrounding material. If the tested material is work hardened it 
has a tendency to pile up and form a crater. If the material is annealed, it will sink in 
around the indentation. Both of these effects add to the error of any hardness 
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measurement [49]. Another effect is that the indentation left after the indenter and 
load are removed is known to recover or spring back slightly depending on the 
properties of tested materials. This effect is called shallowing [49]. This effect is due 
to the localized elastic recovery.  
 
1.2.3.4 Micro-indentation hardness 
   In microindentation hardness test, usually a diamond indenter of specific 
geometry is impressed into the surface of a test specimen using a pre-set applied 
force. Due to the specificity, microhardness test can be used to observe change in 
hardness on the microscopic scale. It has been found that the microhardness of 
almost any material is greater than its macrohardness. The two most commonly used 
microhardness tests are the Vickers indentation test and Knoop indentation test.  
   The Vickers hardness test was developed in 1924 by Smith and Sandland as an 
alternative to the Brinell method to measure the hardness of materials [50]. The 
Vickers test is often easier to use than other hardness tests since the required 
calculation is independent of the size of indenter, and the indenter can be used for all 
materials, especially for ceramics. The basic principle, as with all common 
measurement of hardness, is to observe the testing material’s ability to resist plastic 
deformation from a standard. The Vickers test can be used for all metals and has one 
of the widest scales among the hardness tests. The hardness unit of Vickers hardness 
test is the Vickers Pyramid Number (HV) or Diamond Pyramid Hardness (DPH), and 
these hardness numbers can be converted into unit of Pascals. The hardness number 
is determined by the load over the surface area of the indentation mark and not the 
area normal to the force. When performing the indentation test, the distance between 
indents must be more than 2.5~3 times of the indent diameter apart to avoid 
interaction between the work-hardened regions.  
 The relationship between the indentation hardness and the yield strength can be 
approximated as [51] 
3
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(1.4) 
where c is a constant determined by geometrical factors usually ranging between 2 
and 4. 
   It is believed that the indenter shape is capable of producing geometrically 
similar impressions, irrespective of size. The impression should have well-defined 
points of measurement, and also the indenter should have high resistance to 
deformation itself. Thus, a diamond in the form of a square-based pyramid satisfies 
all these conditions. It had been established that the ideal size of a Brinell impression 
is 3/8 of the ball diameter. As two tangents to the circle at the ends of a chord of 3d/8 
long, intersect at 136º, this is used as the included angle of the indenter. The angle 
has been varied experimentally and it has been found that the hardness value 
obtained on a homogeneous material remained a constant, irrespective of load [52]. 
The HV number is then determined by the ratio of F/A where F is the force applied to 
the diamond and A is the surface area of the resulting indent. The value of A can be 
determined from the formula  
( )2136sin2
2
o
dA =                                                    
(1.5) 
which gives: 
854.1
2dA ≈                                                         
(1.6) 
Here d is the average diagonal length of the indenter. Hence, 
2
854.1
d
P
A
FH v ≈=                                                   
(1.7) 
where P is the maximum indentation load.  
A spherical indenter is another alternative option for the hardness measurement 
in microindentation test. The typical test uses a 10mm diameter steel ball as an 
indenter. For softer materials, an indenter tip of larger radius is used; for harder 
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materials, as indenter of smaller size is used, and for even harder materials, a 
tungsten carbide ball can be substituted for the steel ball. The main advantage of 
spherical indenters is that it causes less damage to the tested surface than that of the 
Vickers indenter.  
   For spherical indenters, the hardness, H, is calculated from the average indent 
diagonal length, ⎯d , as: 
2
d
PH
×
=
π
                                                    (1.8) 
 
1.2.3.5 Measurement of Young’s modulus from micro-indentation 
As an important quantity, the elastic contact stiffness, S, can be obtained by fitting 
the unloading curve and taking the tangent at the peak load (Fmax) as the slope of the 
upper portion of the unloading curve ( dhdFS /= ) [53]. Using Sneddon’s solution 
and the result given by Oliver and Pharr [54], the contact depth ch  can be calculated 
as [54]: 
S
F
hhc
max
max ε−= ,             
(1.9) 
where ε is a function of the particular tip geometry (for a perfect Vickers 
indenter, 75.0=ε ). Ideal area function of an indenter can be used to calculate the 
real projected contact area of pA  (
25.24 cp hA = ) at the peak load. For an ideal 
Vickers indenter, the projected contact area of pA  is the cross-sectional area of the 
indenter tip at a distance of ch  from the tip apex 
[53] . 
  After the S and pA  are known, the contact modulus of E can be determined as: 
pA
SE
β
π
2
= ,             
(1.10) 
where β  is a correction factor only related to the lack of symmetry of the indenter. 
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For Vickers indenter, β =1.0124 [55]. 
 
1.2.3.6 Measurement of Fracture toughness  
   The fracture toughness of a material is the ability of the material to resist crack 
propagation. The fracture toughness can be determined from a Vickers indentation 
under certain indentation loads. Several relations have been developed from the 
indentation load (P), elastic modulus (E), microindentation hardness (H), crack 
length (c) and the flexural strength (σ) [56]. The fracture mechanics of a Vickers 
indentation is complicated, as is the stress field surrounding the indent. The main 
basis of the indentation technique concerns the crack shape; cracks are assumed to be 
radial-median cracks beneath the indent, with a center point force leading to crack 
opening [57] [58]. Satisfying these conditions leads to a specific stable equilibrium 
relation between the applied load, P, and the crack size, c  [59]: 
2/3kcP =                                           
(1.11) 
where k  is a constant of proportionality.  
For the indent of an elastic-plastic material, the indentation following load and 
unloading creates a crack whose size is related to the stress intensity factor as [59]: 
2/3c
PK I
χ
=  )  ,( acPP C >>>                                  
(1.12) 
where IK  is the stress-intensity factor for the radial-median crack in an ideal case, 
χ is a dimensionless constant, and cP  is the critical contact load.   
For the applicability of indenters used in the indentation of brittle materials, the 
calculation of fracture toughness using Eq. (1.12) has been evaluated to determine 
the constant of proportionality, χ from a mechanics analysis of a point load caused 
by the Vickers indenter tip [60]. The result of such analysis leads to the following, 
now widely accepted, relation for determining the Mode I fracture toughness, cK Ι , 
from indentation- induced radial median cracks: 
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where E is the Young’s modulus of the materials, H is the hardness, and δ  is a 
dimensionaless indenter-geometry constant (~ 0.016+0.004 for radial-median cracks 
created by a Vickers indenter [61] ) . 
 
1.2.3.7 Control of residual stresses  
   In order to study the effect of residual stress on the bioactivity of bioglass in 
vitro or in vivo, the magnitude of residual stress should be able to be controlled. 
Actually, uncontrolled residual stress is always undesirable. However residual stress 
has been used in various fabrication processes. For example, toughened glass and 
pre-stressed concrete depend on them to prevent brittle failure [62]. Similarly, a 
gradient in martensite formation creates residual stress in some swords with 
particularly hard edges (notably the katana), which can prevent the opening of edge 
cracks [63].  
  Residual stress exists in the bulk of a material , which can be produced by 
heterogeneous plastic deformation, thermal contraction, and phase transformation 
induced by manufacturing processes [64]. Indentation especially micro-indentation 
using a Vickers indenter is widely used in dental materials to produce well 
controlled mechanical residual stress[65], [66] .  
  Because ceramics and glasses are always hard and brittle, cracks size can be used 
to determine the residual stress. The formation of plastic deformation, elastic 
deformation and cracks are schematically shown in the Figure 1.2 [67]. 
  From the crack size, the fracture toughness, Kc, can be calculated from the 
equation: 
 2/1)()( cYK fc σθ=                                                
(1.14) 
where )(θY  is a geometric factor that has a value of 1.65 for an indentation induced 
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flaw with local residual stress [68], 1.24 for flaws without local residual stress and 
fσ  is the calculated flexural strength. For equivalent semicircular flaw of depth of 
“a” and half width of “b” [69], c is the crack size ( )[ ]2/1abc =  [68]. The residual stress 
is calculated as [70]: 
( )[ ] ( )[ ]2/12/12/12/1 /2//2 cYKcY car πσπσ −=                             
(1.15) 
where rσ  is the residual stress, aσ  is the mechanically induced stress at failure, 
and Kc is the fracture toughness of the brittle materials. 
  Generally, compressive residual stress has a beneficial effect on the fatigue life 
and stress corrosion because it delays crack initiation and propagation. On the 
contrary, tensile stress reduces mechanical performance of materials [64]. 
The manufacture of successful and safe biomedical devices is based on the 
supposition that all processing effects and variables are well understood and 
controlled, resulting in a pure, sterile, and well-performing product. As in any 
manufacturing industry, there are certain control variables that remain unmeasured. 
One such variable is residual strain. The most common methodology used to relieve 
residual strain and stress from processing is heat treatment. However, a complication 
arises in biomaterials, because when in service, biomaterials cannot be easily 
removed from biological body for heat treatment. Thus, if residual strain develops 
during service in a biomedical system, or is present and not fully relieved during 
manufacturing, it will have significant effect on biological behavior of the materials. 
Thus, understanding the relationship(s) between bioactivity and residual strain 
(stress) remains important in making progress in developing and specifying materials 
for use in biomedical system.  
While the mechanical properties of bioactive glasses and bioglass composites 
have been well studied [71], the interrelation between residual strain and bioactivity 
have received little attention. Other fields, such as metals and ceramic coatings 
research, have investigated the effect of residual strain on dissolution rate, known as 
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chemomechanical effect. Biomaterials, such as hydroxyapatite coating on Ti-6Al-4V 
substrate, have been found to degrade by cracking and faster dissolution in cyclic 
bending [72] and a thermodynamic model proposed for such materials [46] predicts 
faster dissolution under tensile stress. Thus, it needs to understand the interplay 
between residual strain and bioactivity. 
 
1.2.4 Crystallinity 
1.2.4.1 Effects of crystallinity on the bioactivity of bioglass 
Crystallinity is the degree of structural order in a solid, often represented by a 
fraction or percentage as a measure of how likely atoms or molecules are to be 
arranged in a regular pattern, namely into a crystal. Amorphous or less crystalline 
materials are found to be more resorbable, and there is evidence to suggest that they 
may be more beneficial for early bone ingrowth than materials with high crystallinity 
[73], [74]. Different research groups have obtained different results regarding to the 
effect of crystallinity on formation of HCA layer. Some results indicated that 
crystallization did not inhibit the development of a crystalline HCA layer, but the 
onset time of crystallization increased from 10 h for the parent glass to 22 h for 
100% crystallized glass-ceramic [75]. The rate of surface reactions is slower when the 
percentage of crystallization is more than 60% [75]. It was also reported that a well 
established crystalline hydroxyapatite layer formed after about 1 day in simulated 
body fluid (SBF) on bioceramic with 100% crystallinity, similar to that formed on 
the surface of amorphous bioglass surface [73], [74]; while thin layer of crystalline 
hydroxyapatite was formed on glass-ceramic with 87% crytallinity only 2 hours in 
SBF [73].  
No matter how crystallinity affects bioactivity, it is certainly an important factor 
that can determine the biodegradation rate of the implant materials. The control of all 
the factors such as crystallinity, porosity, surface morphology can result in the better 
materials for tissue engineering scaffolds.  
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 1.2.4.2 Crystallinity measurement  
Different analytical methods have been developed to measure the crystallinity of 
materials. For simple binary systems, the most frequently used quantitative methods 
include Fourier-Transformed Raman (FT-Raman) [76], [77], near-infrared (NIR) [78], 
solid state nuclear magnetic resonance (NMR) [79], Fourier-Transformed infrared 
(FTIR) [80], and X-ray powder diffraction (XRPD) [81]. Also crystallinity can be 
measured directly by using diffraction techniques, such as X-ray diffraction, in 
which greater crystallinity yields a sharply diffracted peak. To get a more in-depth 
knowledge of crystallinity, sometimes Differential Scanning Calorimetry (DSC) and 
SEM measurements are also used. When using XRD method, quantitative 
measurement can be made by calculating the percentage of total peak area above the 
amorphous halo curve. The error of the XRD measurement mainly comes from 
mixing homogeneity and preferred orientation of crystalline particles during the 
preparation of the powder bed [82]. Quantitative crystallinity estimation using DSC 
has recently been reported, and crystallinity has been calculated from the difference 
between the heat released for crystallization and the heat required for fusion of the 
sample divided by the estimated heat of fusion of a 100% crystalline sample [83], [84]. 
The error for the DSC measurement is mainly from two sources, one is the mixing 
homogeneity and sampling and the other is the possible phase transition during the 
DSC-heating process. 
 
1.3. Experimental objectives and scope of this dissertation   
   To be an implant material, bioglass must have good bioactivity and proper 
mechanical properties that match those of bone. Thus, the porous characteristics and 
surface morphology that affect the bioactivity and mechanical properties of bioglass 
are vital characteristic for bio-applications.  
   According to the reactions between bioglass implants and their environmental 
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conditions, the compositions, porosity and pore morphology, surface roughness and 
morphology, surface residual roughness and crystallinity of bioglass are all important 
variables to that can be engineered to control the bioactivity of bioglass.  
   As for the composition and porosity effects, there have been well-established and 
widely-accepted conclusions of getting better bioactivity. For example, as mentioned 
previously higher SiO2 proved to be able to favor the surface reaction because of the 
high concentration of nucleating sites in gel glasses [7]. Higher porosity and 
interconnected pores larger than 100 microns proved to be able to induce better 
ingrowth of bone cells [7, 12, 15, 16]. 
   Some of the characteristics of bioglass such as the surface roughness and the 
crystallinity have received less attention before and different groups have even 
reported opposite results or proposed different hypotheses about their effects on 
bioactivity. It has been shown that the correct roughness of the microparticle surface 
has favorable effects on the attachment of the proteins to the biomaterial surface [19]. 
However, it is still unclear how the surface roughness affects the overall bioactivity 
of the bioglass materials in particular the effects of surface roughness on cell 
interactions [20]. Hench and Filho showed that bioactivity slowed by a factor of 2 (in 
crystal line vs amorphous bioglass) [22], while Suominen and Juhanoja [13] reported 
that crystallinity has no effect on bioactivity. The difference may be caused by 
different definitions of bioactivity, or differences in the experimental details. More 
and systematic studies are required to support either of these conclusions. 
   So far few groups have researched the relationship between residual stresses and 
the bioactivity of bioglass, but residual stresses do affect the corrosion and 
dissolution of metal material in significant ways [24]. Generally compressive residual 
stress has a beneficial effect on the fatigue life and stress corrosion of materials; 
tensile stresses reduce mechanical performance of materials [23]. Some work has been 
performed on residual stress and dissolution of other bioceramics, which showed that 
the rate of supernatant species (OH- for hydroxyapatite [24]) going into solution is 
affected by the sign of residual stress. On the other hand, compressive stresses 
should lower dissolution rates for bioceramics.  
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Residual stress and crystallinity are important process parameters whose effects 
can hardly be avoided in the production of bioglass implants. The most common 
methodology employed to relieve residual strains and stresses from forming, 
manufacturing, or service use are heat treatments. However, many biomedical 
devices cannot be scheduled for maintenance, such as heat treatment, because once 
put in service, biomedical materials cannot be easily removed from the body. Thus, if 
residual strains develop during service in a biomedical device, or were present and 
not fully relieved during manufacture, it is difficult to predict the behavior of the 
materials in vivo as a function of such residual stress/strain. Because residual strain 
can affect the mechanical behavior of all materials, understanding the relationship 
between bioactivity and mechanical properties remains important in making progress 
in developing and specifying materials for use in biomedical devices. The 
mechanical properties of bioactive glasses have been found to be insufficient to 
result in long lifetimes in vivo [19] and thus load-bearing applications using 
monolithic materials have been limited. Glassceramic composites are expected to 
afford some gains in mechanical performance, especially fracture toughness, over 
the glassy forms without sacrificing much in terms of bioactivity. Long-term 
understanding of residual stress effects will aid in the development of such novel 
biomaterials.  
   Based on the unknown effects of stress and crystallinity in bioglass, there are 
several objectives of this dissertation work. They include the evaluation of 
bioactivity through the dissolution of bioglass and the formation of HCA layers; the 
measurement of residual stress; understanding effectsof residual stress on the 
dissolution of bioglass in various chemical solution; and understanding the effects of 
crystallinity on the dissolution and precipitation of bioglass. The variables which are 
studied in our work and the related quantification and characterization methods of 
bioactivity are given in Table 1.8. To study the effects of residual stress and 
crystallinity, several experimental routes are designed and shown in Figure 1.3. The 
quantitative measurement of the residual stress effect on dissolution of bioglass will 
be an important addition to current knowledge in biomaterials. 
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   For most crystalline materials, diffraction techniques such as X-Ray and neutron 
diffraction can be used to measure the structure and even residual stress of bulk 
materials. However for amorphous materials with local residual stress, such as the 
bioglass samples used in our experiments, it is obvious that the diffraction methods 
cannot be applied.  
   In this case, micro-indentation can be used to measure the local residual stress. 
The residual stress can be calculated from the equation [85] (1.16) below,  
c
c
PK Rc σπ
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                                           (1.16) 
where cK  is the local fracture toughness of the material, P is the indentation load, 
and c is the crack length between the indent center and the crack tip. For experiments 
which satisfy the two premises, (1) that the cracks are half-penny in shape, and (2) 
that well-developed indenter cracks are equivalent to half-penny cracks centrally 
loaded with a crack-opening point force [86], [87], χ  is a constant related to the 
Young’s modulus and hardness of the material (to be discussed in Chapter 3). 
   In this work, miroindentation at various indentation loads, with either a Vickers 
or spherical indenter, are used to produce local residual stress on the surface of 
bioglass. Small secondary micro-indents with relatively small indentation loads are 
made around the primary large indent. Stress measurement is possible at these 
secondary indents since the residual stress caused by them is negligible compared to 
the residual stress caused by the primary indents. The residual stress created by the 
primary indents then is quantified from the indentation test. 
   At the same time, the crystallinity effect on the dissolution and precipitation of 
bioglass is also studied. The crystallinity is controlled by heat-treatment. XRD is 
used to quantify the percentage of the crystallinity degree of the heat-treated bioglass. 
Microindentation is performed on the crystallized bioglass to examine the effects of 
residual stress and crystallinity on the dissolution and precipitation of bioglass 45S5.  
   Characterization of the dissolution behavior is based on the observation of SEM 
images. The dissolution rate of the indented bioglass in phosphate buffer solution is 
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related to the growth and widening of the indentation-induced cracks. The effect on 
the “in vitro bioactivity” is quantified by measuring the thickness change of the HCA 
layer on bioglass.  
   A major goal of our research is to improve mechanical performance without 
compromising biological response of bioactive glasses. Two possible strategies to 
improve fracture toughness are possible: partially crystallize the glass to form a 
glass-ceramic to lengthen the crack path, or induce residual stress to suppress crack 
formation and growth. These concepts are not new in the fracture behavior of brittle 
solids, but a fundamental understanding of how dissolution and bioactivity are 
related to such microstructural mechanisms is not yet well developed, and provides 
motivation for our work. 
   The full potential of bioglass will not be fully realized [88] until  the effects of 
residual stress and crystalinity on the bioactivity of bioglass can be determined in a 
quantitative manner. In this dissertation, the effects of localized residual stress on the 
dissolution and bioactivity of bioglass 45S5 are shown in chapters 3, 4, and 5. The 
dissolution behavior of fully crystallized bioglass 45S5 is discussed in chapter 6. The 
local precipitation and formation of calcium phosphate on bioglass 45S5 is discussed 
in chapter 7. All these studies contribute to the understanding of the relationship 
between mechanical performance and biological response of bioglass 45S5 and also 
establish the foundation to improve the mechanical properties besides the fracture 
toughness without sacrificing the bioactivity. The work also provides a rational basis 
for characterizing the effect of mechanical deformation on the biofunctionality of 
bioglass. Based on the work, the feasibility to locally adjust residual stresses and 
crystallinity before implantation to alter bioactivity becomes possible to be used as a 
strategy for creating gradients of bioactivity on implants to prevent against 
premature failure in regions where failure probability is high. 
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1 fast ion exchange of alkali ions with hydrogen ions from body fluids   0h 
2 network dissolution 
3 poly-condensation of SiOH + SiOH(Si-O-Si)                      1h 
4 adsorption of amorphous Ca+PO4+CO3 
5 crystallization of hydroxyl carbonate apatite (HCA)                 2h 
6 adsorption of biological moieties in HCA layer                    10h 
7 action of macrophages                                        20h 
8 attachment of stem cells 
9 differentiation of stem cells                                    100h 
10 generation of matrix 
11 crystallization matrix 
12 proliferation and growth of bone  
Figure 1.1. Steps of bioglass surface reaction stages [1]  
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Figure 1.2. Radian-median and lateral crack systems. (a) Evolution during a 
complete loading (+) and unloading (-) cycle. Dark region denotes irreversible 
deformation zone. (b) Geometrical parameters of the radial system [67]. (With the 
permission of Cambridge University Press) 
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Figure 1.3. Experimental plan for the preparation of samples with variable 
levels of residual stress and crystallinity 
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Table 1.1. Examples of classified bioceramics 
 
 
 
Table 1.2. The compositions of three common bioglass (in mol%) 
 Si2O Na2O CaO P2O5 
45S5 46.1% 24.4% 26.9% 2.6% 
58S 60% ------- 36% 4% 
77S 80% ------- 16% 4% 
 
 
Table 1.3. Variables affecting bioactivity of bioglass 
Variables in favor of formation of HCA 
Compositions (more SiO2, less P2O5) ; 
Rough surface for Itala group [89] or no effect from Saito group [90] ; 
Residual stresses;  
Crystallinity 
Variables to facilitate ingrowth of bone cells 
Porosity;  
Interconnected pores (with diameters greater than 100µm for tissue growth) 
 
Bioinert Resorbable       Bioactive Porous for tissue 
ingrowth 
Alumina, 
Zirconia 
Tricalcium-phosphate Hydroxyapatatite (HA), 
Bioactive glasses, 
glass-ceramics 
HA-coated metals 
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Table 1.4. Definitions of pores according to the pore sizes (IUPAC classification)  
Definition Pore Diameter (µm) 
Micropore ≤ 2 
Mesopore 2-50 
Macropore > 50 
 
 
 
 
 
Table 1.5. Measurement methods for different types of pores 
Pore type Measurement technique 
Micropore Adsorption techniques [91]  
Mesopore Adsorption or X-ray micro- tomography [91], [92] 
Macropore Mercury intrusion porosimetry (MIP) [93],  
X-ray microtomography [92] 
 
 
 
 
 
 
29 
 
Table 1.6. Roughness value measured in different ways 
Statistical descriptors Extreme value descriptors Texture descriptors 
Average behavior of the 
surface height 
Isolated events Variations of the surface 
based on multiple events 
average roughness  maximum peak height  correlation length 
root mean square 
roughness  
maximum valley height  NA 
skewness  maximum peak to valley 
height 
NA 
kurtosis K NA NA 
   
Table1.7. Residual Stress Measurement Methods 
Mechanical methods Hole drilling, curvature measurements, and 
crack compliance 
Diffraction techniques 
(Non-destructive methods) 
Electron, X-Ray and neutron diffraction 
Other methods that are being 
developed  
Piezospectroscopy photoelastic methods, 
magnetic, ultrasonics, and thermoelastic 
techniques 
 
Table 1.8. Quatification variables and characterization methods 
Quantification variables Characterization method 
Residual stress  Micro-indentation and nano-indentation 
Crystallinity X-ray diffraction,  
Dissolution rate  SEM, Crack extension, Crack tip broadening 
HCA layer thickness SEM, EDS 
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Chapter 2 Anelastic Indentation Recovery of Bioglass at Room Temperature 
 
2.1 Introduction 
   The understanding of the near-surface mechanical behavior of bioactive 
materials is of practical importance for biomedical applications of bioactive 
materials in the reconstruction and substitution of bone and tooth[94], [95]. Interacting 
with the surrounding-biological tissues through chemomechanical contact 
deformation, bioactive glasses are designed to be replaced slowly by the bone 
growth through bio-resorbable process involving the formation and growth of a 
biologically active apatite layer. This generally requires that the bioactive glasses 
maintain reasonable mechanical strength, geometrical shape, and bioactivity under 
the action of external mechanical loading. 
   The shape recovery of materials following contact deformation includes elastic 
recovery and anelastic recovery. The anelastic recovery has been reported for 
metallic materials[96], [97],[98], [99, 100], polymers[99], [101] [102],[103], [104] and glasses [99]. 
Most of these investigations focused on the shape recovery at higher temperature 
than that for the contact deformation. Yang and Li [101] and Yang et al. [103] studied the 
impression recovery of amorphous polymers with the shape recovery being 
evaluated at temperatures the same as that for the impression deformation. However, 
no prior work records the shape recovery of glasses at room temperature. Recently, 
Everitt et al. [105] , in a preliminary study, observed the bone recovery following 
microindentation of wet bone. They suggested that the bone recovery was due to 
viscoelastic behavior of the wet bone. Unfortunately, they did not provide detailed 
information on their study. 
 Bioactive glasses have been gradually used as the implant materials for bone 
replacement for more than two decades. The advantages of using bioactive glasses, 
such as bioglass 45S5 in the bone replacement include: 1) formation of 
hydroxyapatite, an inorganic material similar to the major component of the 
 
31 
inorganic phase in bone, and 2) Young’s modulus being relatively comparable to that 
of cortical bone. However, the weak mechanical strength of bioactive glasses has 
limited their use in various load-bearing conditions. Considering the applications of 
bioactive glasses in bone repair, augmentation, and substitution, it is important to 
examine if there exists shape recovery in bioactive glasses for maintaining 
reasonable geometrical configuration at room temperature, similar to the bone 
recovery following the contact deformation. 
 Based on the study of contact deformation, indentation test were developed as a 
technique to characterize the near-surface mechanical behavior of materials. The 
advantages of using the indentation test include: 1) the use of a small amount of 
materials and 2) the evaluation of local deformation of materials of small scale. The 
evolution of the residual indentation imprints can be quantified by various 
microscopy techniques. It is known that localized mechanical deformation in a 
material can be created by an indentation. Such a localized deformation can change 
the geometrical configuration of a bioactive material and the response of biological 
tissues to the bioactive material, which in turn alters local biofunctionality of the 
material. The goal of this thesis is to investigate the geometrical response of bioglass 
45S5 to localized mechanical deformation (i.e., the anelastic indentation recovery, at 
room temperature, using the microindentation technique). The changes of the 
impression size and the indentation depth with time are examined as a function of 
the indentation load. A phenomenological model is proposed to explain the anelastic 
indentation recovery.  
 
2.2. Experimental 
Bioglass 45S5 (45%SiO2, 24.5% Na2O, 24.5% CaO, 6% P2O5, in weight percent) 
of 10 mm in diameter and 3 mm in thickness was prepared from an annealed rod of 
10 mm in diameter. The samples were ground and polished, using isopropyl alcohol 
(IPA) as a lubricant/coolant, during which the samples were cleaned between 
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polishing stages with IPA. After final polishing, the polished samples were cleaned 
in an ultrasonic bath for 20 minutes in acetone, then IPA, and finally ethyl alcohol 
and were immediately dried with compressed air. The samples were dehydrated for 
at least one day and later were annealed at 350ºC for 2 hours and furnace-cooled to 
room temperature before indentation. 
Micro-indentations were made on the polished surface of the bioglass samples on 
a Micro-Combi Tester (CSM Instruments, Needham, MA), using a diamond 
spherical indenter of  50 µm in diameter. The peak indentation load varied from 50 
mN to 500 mN, and both the loading and unloading times were 30 seconds. There 
was no holding period at the peak indentation load. Arrays of indents were made, 
with a minimum of 5 indents per peak indentation load (spaced at least 3 times of the 
indentation size away from each other).  
To evaluate anelastic indentation recovery, two different unloading processes 
were carried out. In the first type of unloading process, the indentation load was 
completely removed. The size of the imprint marks was measured as a function of 
time using a light optical microscope. In the second type of unloading process, the 
indentation load was reduced to 5 mN, which was maintained for 1 hour before 
completely removing the indentation load. This maintained the intimate contact 
between the indenter and the sample during the indentation recovery. The 
displacement of the indenter was recorded as a function of time to evaluate the rate 
of the indentation recovery. 
 
2.3 Results and Discussion  
 For the indentations using the first type of unloading process, the change of the 
imprint size with time was monitored using a light optical microscope after 
completely removing the indentation load. Figure 1 shows the shrinking of the 
imprint size for the indentation made by an indentation load of 500 mN. Obviously, 
the imprint mark shrank with time, demonstrating the behavior of shape recovery. 
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The imprint marks created by various indentation loads became invisible by the light 
optical microscope after 12 hours as in figure 2.1.  
To evaluate the recovery rate, the second type of unloading process was used. 
The displacement of the indenter was monitored as a function time. Figure 2.2 shows 
the time dependence of the indenter displacement for various peak indentation loads. 
After unloading to the indentation load of 5 mN, at least 10 times less than the peak 
indentation loads, the indenter remained in intimate contact with the bioglass. 
Spontaneous depth recovery occurred, that eventually pushed the indenter back to 
the position corresponding to the almost deformation-free state. A linear dependence 
between the indentation depth and time was observed. For the indentations made by 
the indentation loads larger than 300 mN, much long time (more than several hours) 
was required for the indentation depth to fully recover to the almost deformation-free 
state. In addition, the indentation depth became a nonlinear function of time after the 
linear period. No complete test of the indentation-depth recovery was performed in 
the present study for the indentations made by the indentation loads larger than 300 
mN. 
Figure 2.3 shows the dependence of the recovery rate of the indentation depth on 
the indentation loads. For the indentation loads less than or equal to 300 mN, the 
recovery rate was calculated from the curves of complete recovery, and for the 
indentation loads larger than 300 mN, the recovery rate was calculated from the 
curves of the linear period immediately following the unloading. The recovery rate 
decreases with increasing the indentation load under the indentation condition.  
Using dimensionless analysis, Chen et al. [106] obtained the anelastic energy 
dissipated in an indentation loading-unloading cycle, pE , as 
( 1)m m
p mE AF
+=                                                      
(2.1) 
where A  is a constant dependent on the mechanical properties of materials and the 
surface profile of indenter, mF  is the peak indentation load, and m  is the Meyer 
index. From the result given by Yang et al. [107], one obtains the size of the anelastic 
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deformation zone underneath the indenter, c , as  
1/ 2
3
2 y
Fc
⎛ ⎞
= ⎜ ⎟⎜ ⎟πσ⎝ ⎠
                                                     
(2.2) 
where yσ  is the compressive yield stress of the material. Using Eqs. (2.1) and (2.2), 
the average anelastic energy per unit volume over the anelastic deformation zone, 
pU , can be approximately calculated as 
1/ 2 (2 ) / 2
3
3
( )
4 6
p y m m
p y m
E
U A F
c
−πσ= = σ
π
                                     
(2.3) 
It is generally believed that the strain energy stored in the anelastic deformation zone 
is a portion of the anelastic energy dissipated in an indentation loading-unloading 
cycle. Thus, the average density of the stored strain energy, sU , can be expressed as 
3/ 2 (2 ) / 2m m
s y mU F
−= ασ                                                  
(2.4) 
where α  is a constant dependent on the mechanical properties of the material and 
the surface profile of indenter. The driving force for the indentation recovery is the 
derivative of the stored strain energy, /sdU dc , which is calculated from Eq. (2.4) as 
1/ 2
2 (1 ) /(2 ) 2
3
m ms s m
y m
m
dU dU dF m F
dc dF dc m
−α − π⎛ ⎞= ⋅ = σ⎜ ⎟
⎝ ⎠
                           
(2.5) 
To the first order of approximation, one can express the recovery rate of the 
indentation depth, x& , as a power-function of the driving force, 
2 (1 ) /
n
n n m ms
y m
dUx F
dc
−⎛ ⎞= β = χσ⎜ ⎟
⎝ ⎠
&                                          
(2.6) 
where β  and χ  are two constants, and n (>0) is the exponential index of the 
driving force. The recovery rate of the indentation depth is a power-function of the 
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peak indentation load. 
 In general, 1 2m< ≤ . Equation (2.6) suggests that the recovery rate of the 
indentation depth decreases with increasing the peak indentation load, which is 
supported by the experimental results shown in Fig. 3. Using curve-fitting, one 
obtains ( 1) / 1.16n m m− = . Depending on the Meyer index, a nonlinear dependence 
of the depth-recovery on the indentation load is expected.  
2.4 Summary 
 In summary, the anelastic indentation recovery of the bioglass 45S5 was 
observed at room temperature from the depth recovery and the shrinking of the 
imprint marks. The indentation recovery was a function of the indentation load. The 
depth recovery rate decreased with the increase in the indentation load. A 
phenomenological model was developed, assuming that the driving force for the 
indentation recovery was a function of the stored strain energy over the anelastic 
indentation deformation zone. The depth recovery rate was a power-function of the 
derivative of the stored strain energy with respect to the size of the anelastic 
indentation deformation zone, which led to a nonlinear dependence of the depth 
recovery rate on the peak indentation load. Such a relation was supported by the 
experimental results. 
 It is known that the bioactivity of bioactive glasses depends on the dissolution of 
materials and the formation and growth of apatite layer. There exists 
chemomechanical interaction between biological tissues and bioactive glasses, that 
plays an important role in the dissolution of materials and the formation and growth 
of apatite layer. It has been demonstrated that the dissolution of materials is a 
function of local stress state [1, 2]. The anelastic recovery in 45S5 bioglass allows the 
stress relaxation through the shape recovery, which reduces the magnitude of local 
stress due to the contact between the surrounding biological tissue and the implanted 
bioglass and possibly minimizes the effect of local stress on the bioactivity of 
bioglass. Combining with the stress effect on the dissolution behavior of bioactive 
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materials, one can control the bioactivity and biofunctionality of bioactive glasses in 
the reconstruction and substitution of bone and tooth through the control of local 
stress and anelastic recovery potentially to achieve the best clinic result. 
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Figure 2.1. Change of the size of an imprint mark with time (maximum indentation 
load: 500 mN) 
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Figure 2.2 Indenter displacement versus time curves for various indentation loads. 
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Chapter 3    Surface Morphological Changes Accompanying Dissolution of 
Bioactive Glass: Effect of Residual Stress 
 
3.1. Background  
   The interaction of materials with fluid environments has long been studied. The 
effects of composition of the material and fluid are very important as is evident in 
materials selection for a industrial applications involving dissolution (corrosion). 
Often, times there are certain operating regimes in which materials behave 
differently due to temperature, pressure, composition of the contacting fluid, or 
stress. The latter variable is of interest in this study, that is relevant to biomedical 
device and implant applications where service loads and or residual stresses from 
processing or phase transformations exist, especially for biomaterials that are 
designed to dissolve and resorb, such as bioactive glasses.  
   The dissolution behavior of bioglass is dependent on glass composition [108], 
surface conditions such as chemical [109] and charge modification conditions [110], 
dose [111] , solution composition [112], [113], and crystallinity [114], [115]. A missing 
variable in this class of materials has been mechanical stress. The response of a 
material due to interaction with the environment may take three forms: no effect, the 
chemomechanical effect (CME), or the mechanochemical effect (MCE). CME is a 
chemical interaction causing a difference in mechanical performance, and MCE is 
summarized by mechanical action causing a different chemical response, which has 
been studied in other materials systems [116], [117], [118], [119], [120]. In our case, the focus 
is on CME: the residual stress altering the chemical dissolution.  
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3.2．Experimental  
3.2.1 Sample Preparation 
A cast and annealed rod of bioactive glass (bioglass 45S5) rod (45wt%SiO2, 
24.5wt% Na2O, 24.5wt% CaO, 6wt% P2O5), 10mm in diameter, was supplied by 
MO-SCI Specialty Products, L.L.C. (Rolla, MO, 65402). Discs were sectioned from 
the rod using a slow speed diamond wafering blade into 3mm thick sections using 
isopropyl alcohol (IPA) used as a lubricant/coolant. Grinding was performed on 
silicon carbide paper in the sequence P500 (360grit), P600 (400grit), P800 (500grit), 
P1200 (600grit), P2400 (800grit), and P4000 (1200grit). Grinding was performed on 
the laboratory benchtop by hand to prevent thermal shock with isopropyl alcohol 
(IPA) used as a lubricant/coolant. Polishing was performed on a short nap cloth using 
diamond pastes in the sequence 6, 3, 1, and 0.25µm with an oil based lubricant. 
Discs were cleaned in between polishing stages with IPA and, after final polishing, 
were cleaned in an ultrasonic bath for 20 minutes each in acetone, then IPA, and 
finally ethyl alcohol. Samples were immediately dried with compressed air followed 
by desiccation for at least one day before indentation. 
 
3.2.2Indentation 
Micro-indentations were made on the polished surfaces of the bioglass samples 
using a diamond Vickers indenter on a Micro-Combi Tester (CSM Instruments, 
Needham, MA). The maximum indentation loads (Pmax) varied from 30mN to 
2000mN (30mN, 50mN, 70mN, 90mN, 100mN, 150mN, 200mN, 300mN, 400mN, 
500mN, 2000mN). The loading rate was fixed at 200mN/min with no holding time at 
maximum load. The loading-unloading curves were recorded, and the sizes of the 
indentation marks and the crack lengths were measured through an optical 
microscope directly after testing. Samples were stored in a desiccator following 
indentation. Arrays of indents, with a minimum of 5 indents per maximum load 
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(spaced at least 3 indent diameters away from each other), were placed on equivalent 
specimens prior to in vitro testing.  
 
3.2.3 Immersion in vitro 
Samples were placed, indent side up, in ~1L of phosphate buffer solution (PBS) 
maintained at 37°C in an agitated water bath for 1, 3, 5, 7, 9, 14, and 21 days. The 
PBS itself was not agitated, and was sealed to prevent contamination and 
evaporation. For each batch of PBS used, 5mL of magnesium chloride solution (3.8g 
MgCl2 in 100mL of de-ionized water (DI-H2O)) and 1.25mL of potassium 
dihydrogen phosphate solution (3.4g KH2PO4 in 50mL DIUF-H2O, diluted with 
50mL DI-H2O to make 100mL, with trace 1N sodium hydroxide to maintain pH 7.2) 
was added to 1L DI-H2O. 
 
3.2.4 Materials Characterization 
X-ray diffraction of the as received bioglass was performed using a Bruker AXS 
diffractomer (Siemens), scanning between 10 and 80° 2θ at a rate of 1°/minute with 
Ni filtered Cu Kα radiation. Scanning electron microscopy (SEM), with energy 
dispersive x-ray capability (EDS) was performed on a Hitachi S3200 instrument. 
Bioglass discs were gold-palladium coated prior to SEM and were not re-immersed 
in PBS. All time-lapse SEM studies were performed on equivalent specimens of 
bioglass. Samples were washed, dried, and kept in a desiccator between 
characterization studies. 
 
3.3. RESULTS AND DISCUSSION 
3.3.1 Indentation Characteristics 
Brittle materials may form three different types of cracks when indented with a 
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Vicker’s indenter: 1) Palmqvist cracks (cracks emanate from each of the corners of 
the indent but do not pass underneath the indent); 2) half-penny cracks 
(radial-median cracks: similar to Palmqvist cracks but emanating from the under the 
center of the indent from one indent corner to another on the same diagonal – usually 
formed at higher loads than Palmqvist cracks [121]; and 3) lateral cracks (cracks that 
form on the sides of the indent and intersect the surface between the corner cracks). 
Depending on the load, the bioglass was observed to display half-penny and lateral 
cracks, although, from simple visual inspection, it was very difficult to distinguish 
Palmqvist from half-penny cracks. After immersion in PBS (and dissolution of the 
indented area), the cracks emanating from the corners of the indents appeared to be 
half-penny cracks exclusively.  
SEM micrographs of as indented bioactive glass (prior to any immersion in PBS) 
are shown in Figure 3.1. Sharp cracks emanating from the indent corners were 
observed for all loads reported herein (loads <30mN had no noticeable cracks as 
observed in the optical microscope). The indent diagonal length, ad 2= , and crack 
length, c2 , where a and c are marked on Figure 3.1 for an as indented specimen. 
The hardness, crack length, fracture toughness, crack ratio (crack length/half indent 
diagonal; ac / ), and residual energy were quantified as a function of maximum 
indentation load prior to immersion in PBS.  
 
Hardness 
Hardness, H, was calculated from the average indent diagonal length, ⎯d , 
according to the well known relation for a Vickers indenter: 
2
854.1
d
PH ⋅=                                        
(3.1) 
where P was the maximum indentation load. The hardness as a function of maximum 
indentation load is shown in Figure 3.2a, wherein hardness appears to be 
independent of indentation load, although there is considerable scatter in the data.  
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Crack Length 
The main purpose of measuring crack lengths from Vickers indentations in brittle 
materials is ultimately to gather data concerning their fracture toughness. The 
fracture mechanics of a Vickers indent are complicated, as is the stress field 
surrounding the indent. The main basis of the technique concerns the crack shape; 
cracks are assumed to be radial-median cracks below the indent, with a center point 
force leading to crack opening [122, 123]. Satisfying these conditions leads to a specific 
stable equilibrium relation between the applied load, P, and the crack radius, c : 
2/3kcP =                                            
(3.2) 
where k is a constant of proportionality. The maximum indentation load as a 
function of crack length, Figure 3.2b, shows good correlation with the stable 
equilibrium relation 3.2. The value of k from the linear curve fit (forced through 
zero) was 8.651. It can be seen that for small loads the crack size is effectively 
smaller than the predicted relation. For such small loads, the associated measurement 
error in the magnitude of the crack length could certainly explain deviation from 
Equation 3.2. 
 
Fracture Toughness 
For an elastic-plastic indent, the residual stress surrounding the indent following 
load and unload leaves a residual stress-intensity relating to the crack size that can be 
characterized by [121]: 
2/3c
PKR
χ
=  )  ,( acPP C >>>                                   
(3.3) 
where RK  is the residual stress-intensity of the radial-median crack in an ideal case, 
χ is a dimensionless constant, and CP is the critical contact load.  The residual 
stress-intensity becomes the critical stress-intensity factor, CK , (toughness in 
vacuum, oT ) when Icc = (the pop-in crack length).  
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For applicability of indenters used in ceramic systems, the calculation of fracture 
toughness using the classical relations 3.2 and 3.3 has been evaluated  to determine 
the constant of proportionality, χ (in eq. 3.3) from a mechanics analysis of the point 
load caused by the Vickers indenter tip [124]. The result of such analysis led to the 
following, now widely accepted, relation for determining the mode one fracture 
toughness, ICK , from measurements of indenter induced radial median cracks: 
⎟
⎠
⎞
⎜
⎝
⎛
⎟
⎠
⎞
⎜
⎝
⎛= 2/3
2/1
 
c
P
H
EKIC δ                                    
(3.4) 
where E is the Young’s modulus of elasticity, H is the hardness, and δ is 
non-dimensional indenter-geometry constant (established to be 0.016+0.004 for 
radial-median cracks caused by a Vickers indenter [125]).  
Of interest to the bioglass tested herein, where difficulty exists in determining the 
nature of the cracks as viewed from the surface, it has been shown [126] that despite 
the nature of cracks caused by a Vickers indenter in a glass-ceramic (either 
Palmqvist or radial-median) the estimation of fracture toughness more accurately 
follows bulk values if a radial-median crack geometry is assumed using Equation 3.4. 
Thus our analysis employed Equation 3.4. Figure 3.2c shows the fracture toughness 
of the bioglass as a function of indentation load. The elastic modulus of the bioglass 
was reported by the manufacturer to be 30-35 GPa as determined by ASTM standard 
C623-71 [127] and an average value of 32.5 GPa was used in the calculations. The 
fracture toughness is observed to decrease with increasing load reaching a minimum 
value of 0.23 + 0.07 MPa m1/2 for ≥maxP  350mN. Measurement error in the small 
crack lengths at small load could explain the decreasing toughness with increasing 
load. 
 
Crack Ratio 
The ratio of the crack length to indent size was characterized to determine any 
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effects of load dependence on the toughness. Figure 3.3a shows the magnitude of the 
crack size, c (half the total length from crack tip to crack tip) and the indent size, a 
(half the length of the indent diagonal from corner to corner) as a function of 
maximum indent load. The change in the ration between the crack size and the 
indent size is plotted in Figure 3.3b, where the ratio c/a is observed to change as a 
function of indentation load above ~90mN, then approach a steady state value of c/a 
= 2.8. 
 
3.3.2 Residual Energy 
The amount of energy being transferred from the indenter to the sample during 
an indentation test is approximately to be the integration of the force displacement 
curve. Dissipation of that supplied energy can take various forms: elastic, plastic, or 
anelastic deformation; reduction in specific volume through densification and 
crystallization; creep; or even production of heat. Indented regions may also contain 
residual mechanically induced elastic strain energy. The return of elastic strain 
energy is prohibited due to local geometrical changes, such as permanent 
deformation, or crack surfaces binding upon each other [121] and thus remains in the 
indent region to elicit compressive and or tensile stresses.  
The residual stresses remaining after indentation have been analyzed in great 
detail [121, 122] and Bowden and Gardiner [128] imaged the residual stress distribution 
surrounding a Vickers indent in single crystal silicon in a quantitative manner by 
measuring Raman shift, as has been observed for birefringent glasses in polarized 
light studies. Residual tensile stress occurs at the crack tips, and a compression stress 
field emanates from the indent outward in the shape of a 4-leaf clover.  
Determining the amount of anelastic energy lost, or stored in the material, during 
the indentation cycle gives insight to the possible stress and strain fields that linger 
after all indentation loads have been removed, and furthers our aim in understanding 
the interaction between strain energy and dissolution/bioactivity. Force-displacement 
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curves (P-δ) were numerically integrated to determine the anelastic energy of the 
indents (the shape of the curves required integration with respect the displacement 
axis). Figure 3.4a is a typical P-δ curve indicating the areas associated with the 
elastic energy, and anelastic energy (consumed and stored energy in the material), 
with the total energy being the sum of the two regions. Based on the smoothness of 
the loading and unloading curves, it was surmised that the loading rate was faster 
than that required to observe pop-in of half-penny cracks during indentation. 
The anelastic energy is plotted against the maximum indentation load in Figure 
3.4b. The data were curve-fitted with a power-law to determine the exponential 
dependence on the load. The slope change in the curve fit data (from 0.3 over the 
range 30< maxP <70mN to 2.5 for maxP >70mN) could indicate that a threshold load 
exists, above which a much higher degree of energy is dissipated due to a 
microstructural mechanism rather than elastic energy return. Potential mechanisms 
for such a drastic change could be localized densification of the glass or more 
extensive cracking, such as formation of lateral cracks during unloading. A load limit 
may exist before densification of the glass occurs due to indentation forces (i.e., an 
activation energy must be overcome). Nanocrystallites have been discovered beneath 
indents in bulk metallic glass at room temperature [129], presumably nucleated and 
grown during indentation due to the energy obtained through heating of deformation 
[129].   
In other materials systems, both brittle and ductile, the slope of the anelastic 
(plastic) energy is a constant over various indentation loads. For instance, in 
zirconium-based bulk metallic glass the anelastic energy exponent is 1.5 [130] for 
loads higher than those reported here. In ductile metals such as Sn3.5Ag, the 
exponent is 1.6 [131] for equivalent loads. The measure of the tendency of a glass to 
devitrify underneath the indented region should be related to the bond energies of the 
species that nucleate to form crystallites (likely the species with the smallest bond 
energies: Ca-O and Na-O bonds rather than Si-O or P-O bonds [132]). In the case of 
bioglass, the crystallization kinetics determined by Clupper and Hench [132] revealed 
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that the activation energy for devitrification of bioglass 45S5 was 350 kJ/mol. The 
mechanical interaction of the indenter tip with the specimen surface could then be 
thought of as supplying the driving force for the devitrification process when 
mechanical energy is converted to heat, or results in compression of bonds such that 
they are close enough to then achieve a minimum in bond energy by densifying the 
structure.   
 
3.3.3 Dissolution and Bioactivity 
Figure 3.5 shows a selection of indents after various times of immersion in PBS, and 
several observations can be made from the figure. Dissolution nucleates seemingly 
randomly on the bioglass surface. Regions undergoing dissolution appear to grow by 
spreading laterally over time and do not appreciably deepen. The region surrounding 
the indents may or may not dissolve at the same rate as the bulk bioglass depending 
on the maximum indentation load. Indentation crack tips blunt due to local 
dissolution within 1 day of immersion along with the damaged center region of the 
indent. Small indents (maximum load < 100mN) are seen to be consumed by the 
lateral spreading of the dissolution more rapidly than larger indents (maximum load 
> 100mN); indents made with a load > 200mN are surrounded by undissolved 
bioglass, for up to 9 days.  
Upon closer examination of the indents, Figure 3.6 shows that the intact region 
surrounding indents is actually being dissolved (Pmax = 500mN, 9 days in PBS). The 
intact, smoother region is being dissolved at a much slower rate than indented 
surface, resulting in a different appearance. Presumably, the ultimate morphology of 
the slowly dissolving region would be similar to that on the bulk surface given 
enough time, which is indeed the case. Undercutting of the compressed region of the 
indent between the cracks was also observed, seemingly along subsurface lateral 
crack interfaces. As such, an indication of the three dimensional structure of the 
subsurface strain field can be gleaned from Figure 3.6a,b,c, and indicates that the 
 
49 
dissolution of regions surrounding indents is complex. 
It is possible that the residual elastic compressive strain present surrounding 
indents with sufficient anelastic energy storage was slowly undermined by 
undercutting of the indented region along the transition zone between the residual 
field and the stress free bulk, in which case, the previously compressed region would 
have relaxed and then had a lower free energy to allow for dissolution, resulting in 
the dimpled appearance of the “compressed zone” in Figure 3.6. 
In addition, small precipitates are observed as spheres where the bioglass has 
been dissolved (Figure 3.6b), but their chemistry was not quantified due to their 
small size and large interaction volume of the energy dispersive analysis probe in the 
SEM. The small precipitates were not found on the surface on the indent within the 
perimeter of the transition zone between the bulk surface and the indent.  
The difference in dissolution rate between regions around the indent and far from 
the indent can be explained by two possible mechanisms: 1) the indented region is 
under compressive strain, and or 2) the indented region has been devitrified and 
somewhat crystallized. A striking correlation between calculated residual 
strain/stress fields and the undissolved region surrounding the indents is found when 
comparing the work of Bowden and Gardiner [128] to the SEM images of the indented 
and in vitro tested specimens. A schematic of the strain field is reproduced in Figure 
3.6b where light regions are highest compression and the darkest regions (at the 
crack tips) are in tension.  
Compressive stress has been reported to reduce dissolution rates of 
hydroxyapatite coatings [133, 134], and high degrees of crystallinity in bioglass (>60%) 
have been reported to result in increased time to HCA layer formation, that can be 
surmised to be due to a decrease in dissolution rates [135]. A complication of the 
interpretation of the effect of crystallinity is that many additional variables affect the 
dissolution rate, such as: 1) the connectivity of the residual glassy phase, which 
affects the net flux of ions going into solution and formation of silanol bonds; 2) the 
pH; 3) the rate at which ions exchange; the hydroxylation of the surface; and the 
concentration of ions in solution [135]. 
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The dissolution of a material in an environment to achieve equilibrium depends 
on three driving forces: 1) reduction of the net chemical potential to zero, 2) 
reduction of stored strain energy, and 3) reduction of surface free energy. The 
treatment of Sergo et al. [133] concerning the interaction between chemical and 
mechanical driving forces for thermodynamic equilibrium are not reproduced here, 
but are summarized in two expressions:  
PS
PSkko
K
KRTG
σσ ln
3
−=Ω−∆                                (3.5 
while setting the free energy change, oG∆ , to zero for equilibrium conditions it is 
found: 
PS
PSkk
K
KRT
σσ ln
3
=Ω                                      
(3.6) 
where KKσ is the trace of the stress tensor, Ω is the molar volume of the material, 
and σPSK and PSK are the solubility products of the stressed material and unstressed 
material respectively. It can be seen from Equation 3.5 that a compressive stress (-) 
increases the free energy and thus would prohibit dissolution, whereas tensile 
stresses (+) aids to decrease the free energy and thus promotes dissolution. Equation 
3.6 demonstrates that if the stress state were well characterized and the system was 
in equilibrium, the solubility product under stress could be calculated.  
The solubility products for bioglass are complicated, as many reactions are 
occurring simultaneously, making it difficult to calculate the change of the solubility 
product as a function of stress. It remains unclear if regions that had been indented 
sufficiently to slow down dissolution ( maxP  > 200mN) had a short-or long-term 
effect on bioactivity, since after three weeks the indentations could not be clearly 
identified with absolute certainty. Also under question is the critical load required to 
see a difference in apparent dissolution. It seems likely that even though the 
thermodynamics require a compressively stressed region to dissolve less slowly, the 
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driving force would be necessarily small for small degrees of residual strain; thus, 
for small loads, a minimal effect was observed and was governed by kinetics.  
After two weeks immersion, Figures 3.7a and b show remnants of former indent 
locations (white arrows) based on the structure of the newly forming mineralized 
layer of what is likely hydroxyapaptite (Ca/P ratio of 1.71 by EDS) with some 
needles, likely dicalcium phosphate as seen in Figure 3.7c (Ca/P ratio of 1.1 to 1.2 
by EDS). Without in vivo testing, there is no certain way to predict if indented 
regions would change the local bioactivity from Class A to Class B, thereby only 
permitting extracellular response, since mineral deposition seems to proceed, albeit 
in a different morphology around indents for up to two weeks.   
 
3.3.4 Materials Characterization 
XRD confirmed that the bioglass 45S5 rod obtained from MO-SCI Corporation 
was amorphous, and when the bioglass was measured again after 3 weeks immersion 
in PBS no significant differences were observed, Figure 3.8. Intensity variations seen 
in Figure 3.8 show that there is a broad amorphous peak in each condition centered 
at ~ 32° (note: the scans are from different representative samples). Crystallites (as 
seen in the SEM) were not detected by XRD, because there was not enough volume 
present to result in significant diffraction intensity over the background.   
 
3.4 Summary  
The effect of a micro-indentation load on the dissolution of bioactive glass 45S5 
was revealed that compressive strain fields inhibit dissolution. A critical indentation 
load (~200mN) was required to impart sufficient residual energy into the glass 
before an appreciable effect was observed for in vitro dissolution testing. This 
critical load also seems to coincide with the first appearance of lateral cracking. The 
morphology of the surface in the area surrounding micro-indents in bioglass 45S5 
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was found to have a markedly different appearance than that of the surface away 
from the indent after immersion in PBS. Dissolution within an area circumscribed by 
a radius approximately equal to the radial-median crack length, c, was observed to be 
much slower than the surface away from the indent, presumably due residual 
compressive strain. On the contrary, the crack tips, regions known to have an 
associated tensile strain [128], dissolved much more rapidly than the bulk surface 
causing the crack tips to blunt within 1 day of immersion in PSB. The indented 
region under compression did not appear to start dissolving until after 1 week in PBS, 
likely due to strain relaxation due to undercutting of the indented region.  
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Figure 3.1. Secondary electron micrograph of as-indented bioactive glass. 500mN 
maximum load. a, c, denote the half indent diagonal and half crack lengths 
respectively. Marker bar is 10µm. 
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                   c) 
Figure 3.2. a) Hardness as a function of maximum load. b) Maximum load as a 
function of crack length to the 3/2 power. c) Critical stress intensity factor 
(indentation fracture toughness) as a function of maximum load. Average of 5 
indents for each load + one standard deviation 
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                           a) 
 
 
 
 
 
 
 
 
 
                           b) 
Figure 3.3. a) a, c, as a function of maximum load. b) ratio of crack length to indent 
diameter, c/a, as a function of maximum load. Average of 5 indents for each load + 
one standard deviation. 
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                               b) 
Figure 3.4. a) Schematic diagram superimposed on a typical load-displacement curve 
for 200mN maximum load; EA and EE denote the anelastic and elastic energy of the 
indentation process. b) Aneslastic energy as a function of maximum indentation load. 
Power-law curve fits show fitting parameters. Average of 5 indents for each load + 
one standard deviation. 
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Figure 3.5. Selection of secondary electron micrographs of indented and indented 
and immersed specimens for various maximum loads and immersion times. All 
marker bars are 5µm. Surfaces after 3 days immersion are shown at lower 
magnification to demonstrate the random nucleation and growth of dissolved regions 
and precipitation of minerals. It can be seen from the images that sufficiently high 
indentation loads limit the dissolution of bioactive glass surrounding the indents, 
even after 9 days immersion. 
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Figure 3.6. a) Secondary electron micrograph of 500mN indent after 9 days 
immersion in PBS; 30° tilt, marker bar is 5µm. b) zoomed region of a) showing 
undercutting and precipitation of minerals on the surface; marker bar is 5µm. c) Plan 
view of same indent showing the extent of the undissolved region surrounding the 
indent, approximately about a radius equal to the crack length circumscribed around 
the indent; marker bar is 20µm. d) Schematic diagram of the stress field surrounding 
an indent as imaged with photoelastic methods, or raman spectroscopy. Whiter 
regions are higher compression and the darkest regions are tension (at crack tips). 
The surface of the indent and cracks are black to show no information gathering due 
to scattering. 
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Figure 3.7. Secondary electron micrographs of a) indented sample surface after 2 
weeks immersion in PBS; marker bar 500µm, white arrows indicate indent locations. 
b) higher magnification of a); marker bar is 200µm. c) sample surface after 2 weeks 
immersion in PBS far away from indentations, where mineral phases precipitated on 
surface; marker bar is 50µm. 
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Figure 3.8. XRD spectra from as received bioactive glass and that immersed for 3 
weeks in PBS, clearly showing that no mass crystallization has occurred of the glass, 
nor the surface. Although the presence of minerals phases is apparent in Figure 7, 
they are not measured by XRD. 
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Chapter 4    Indentation-induced residual stresses in 45S5 bioglass and the 
stress effect on the material dissolution 
 
4.1. Background  
Concerns about the bioactivity of bioactive glasses under mechanical stresses 
and the stress-assisted reaction have stimulated an interest in understanding the 
evolution of local stresses and their effect on local material dissolution. We studied 
the development of local mechanical stresses and the stress effect on the material 
dissolution at the crack tip in 45S5 bioactive glass, using the microindentation 
technique. The indentation test is a technique to characterize localized mechanical 
behavior of materials. The advantages of using the indentation test involve the use of 
small amount of materials and the creation of local elastoplastic deformation of 
materials for measuring the dependence of the surface evolution on the indentation 
load, local deformation, and material properties. The local stress created by 
indentation is characterized by the method of the indentation fracture around the 
indentation imprints. The stress-assisted dissolution of 45S5 bioactive glass at the 
crack tip is investigated in phosphate buffer solution, and the dependence of the 
dissolution rate (the crack propagation speed) is correlated with the indentation load. 
 
4.2. Experimental 
Sample preparation 
Cast and annealed rods (10mm in diameter) of 45S5 bioactive glass (45wt%SiO2, 
24.5wt% Na2O, 24.5wt% CaO, 6wt% P2O5) were received from MO-SCI Specialty 
Products, L.L.C. (Rolla, MO, 65402). Sample sectioning and surface preparation 
were carried out in accordance with the procedure given in the previous chapter to 
produce polished 3mm thick discs. Following the surface preparation, the discs then 
annealed in air at 350ºC for 2 hours and furnace-cooled to room temperature to 
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remove the residual stresses generated from grinding and polishing. 
 
Microindentation 
Microindentations were made on the polished discs using a diamond Vickers 
indenter on a Micro-Combi Tester (CSM Instruments, Needham, MA). The 
indentation loading-unloading rate was fixed at 200mN/min with a hold time of 5 
second at the peak load. A minimum of 5 indents were made per load. The 
indentation imprints were measured using optical microscope (OM) and scanning 
electron microscopy (SEM). Large indents (primary indents) were created using the 
indentation load in the range of 200 to 500 mN to an array of indentations. The 
distance between the large indents was at least 3 times that of the indentation size. 
Radial cracks were formed along the corners of the indentations due to stress 
concentration. An array of small indents (secondary indents) in each quadrant was 
made along the direction of 45º to the diagonal of the large indents. The indentation 
load varied from 30 to 90 mN. Figure 4.1 shows a set of typical indentations on the 
surface of a 45S5 bioactive glass. Radial cracks were also observed for the 
indentations by small indentation loads. The loading-unloading curves were recorded; 
and SEM was used to measure the indentation size and the crack length. The samples 
were stored in a desiccator following the indention before the in vitro dissolution 
testing as well as between the in vitro testing and the SEM measurement.  
 
In vitro dissolution testing 
The indented discs with the indented surface up were placed in a PBS of ~ 1L in 
an agitated water bath at a uniform temperature of 37 °C. The PBS used was made 
from 5mL of magnesium chloride solution (3.8g MgCl2 in 100mL of de-ionized 
water (DI-H2O)) and 1.25mL of potassium dihydrogen phosphate solution (3.4g 
KH2PO4 in 50mL DIUF-H2O, diluted with 50mL DI-H2O to make 100mL, with 
trace 1N sodium hydroxide to maintain pH of 7.2) added to 1L DI-H2O. The PBS 
was not agitated itself and was sealed to prevent contamination and evaporation. The 
specimens were immersed into the PBS for 1, 3, 5, or 9 days.  
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Materials characterization 
SEM with energy dispersive x-ray capability (EDS) was performed to 
characterize the morphology of the indentation imprints on a Hitachi S3200 
instrument. The indented and dissolved bioactive glass discs were 
gold-palladium-coated prior to SEM. The samples were stored in a desiccator 
between the characterization study. 
 
4.3. Results and Discussion 
4.3.1 Indentation hardness 
Figure 4.2 shows the SEM micrograph of the primary indent made at the peak 
indentation load of 400mN. Radial cracks emanated from the corners of the indent 
due to the stress concentration from the contact between the Vickers indenter and the 
bioactive glass. The indentation-induced cracks were observed for all the 
indentations made in the experimental conditions. The diagonal length of the indent 
was 2d a= , and the length of the radial crack 2c , as shown in Fig. 4.2. The 
indentation size, hardness, crack length, fracture toughness, and residual stresses 
were quantified as a function of maximum indentation load prior to the immersion in 
the PBS.  
The Vickers hardness, H , was calculated using the average diagonal length, d , 
of the indent as 
2
1.854 PH
d
⋅
=                                                      
(4.1) 
where P is the peak indentation load. Figure 4.3 shows the dependence of the 
indentation hardness on the indentation load. The indentation hardness appears to be 
independent of the indentation load for the experimental conditions with the average 
indentation hardness of 7.47±0.51 GPa, comparable to 7.18 GPa for the unannealed 
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45S5 bioactive glass shown in the last chapter. The difference could be due to the 
residual stresses in the unannealed bioactive glass. 
 
4.3.2 Indentation-induced cracks in the stress-free bioactive glass 
For the indentation of a stress-free glass by the Vickers indenter, the length of a 
radial crack induced by the indentation is a function of the indentation load, which 
can expressed as [136] 
1/ 2
3/ 2ICK EP c
H
−
⎛ ⎞= ⎜ ⎟δ ⎝ ⎠
                                                
(4.2) 
where ICK  is the fracture toughness, δ  is an empirical constant of 0.016 ± 0.004 
for the Vickers indentation[137], and E  is Young’s modulus of the material. Figure 
4.4 shows the dependence of the crack length on the indentation load for the primary 
indents, corresponding to the indentations of the bioactive glass at the stress-free 
state. The indentation load is proportional to the 3/ 2c  for the indentation loads 
larger than 200 mN, following Eq.(4.2). For the indentations with the peak 
indentation load of 100 mN, the crack length is larger than the predicted value from 
the relation. This is likely due to the subsurface damage induced during the grinding 
and polishing, which caused the bioactive glass to have less resistance to the 
propagation of the indentation-induced cracks. At small indentation loads, there is 
significant contribution from the subsurface damage to the formation and 
propagation of surface cracks, and the contribution of the subsurface damage 
becomes less and less important for the indentations of large loads. The Young’s 
modulus of the 45S5 bioactive glass was reported by the manufacturer to be 30-35 
GPa as determined by ASTM standard C623-71. Using an average value of 32.5 GPa 
in Eq. (4.2), we obtained the fracture toughness of 0.11±0.02 MPa·m1/2 – two times 
less than the fracture toughness of the unannealed bioactive glass shown in Chapter 
3. 
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4.3.3 Indentation-induced cracks around the primary indents 
The secondary indentations were made around the primary indents as shown in 
Fig. 4.1. Figure 4.5 shows the variation of the crack length of the secondary 
indentations with the distance to the primary indent made at the indentation load of 
500 mN for various indentation loads. As expected, larger indentation loads led to 
larger crack lengths. For the same indentation load, the crack length increased with 
increasing distance away from the center of the primary indent. This trend suggests 
that the local residual stress created by the primary indentation is compressive, 
which decreases with the distance away from the center of the primary intent. 
 It is known that an indentation causes localized deformation and creates residual 
stress surrounding the indent. Equation (4.2) does not take account of the effect of 
residual stresses and becomes inapplicable to the analysis of the indentation-induced 
cracks formed by the secondary indentations due to the development of local 
residual stresses around the primary indents. The residual stress around an 
indentation is complex. It depends on the material properties and the indentation 
load. Several models have been developed to use the method of the indentation 
fracture to measure the residual stresses around an indent. The effect of the residual 
stress on the crack propagation in an indentation was considered in detail. The 
resultant stress intensity factor is a linear function of the residual stress and is 
dependent of the crack length. For a residual stress acting over a portion of crack 
surfaces, the resultant stress intensity factor is a linear function of the square root of 
the crack length[138], and, for a residual stress acting over a line segment of the crack 
surface (i.e., the residual stress is described by a line residual force), it is a linear 
function of the reciprocal of the square root of the crack length[139].  
 Under the action of a uniform residual stress of Rσ , the resultant stress intensity 
factor, K , for the crack growth in an indentation can be expressed as[138]  
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3/ 2 R
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(4.3) 
where α  is a crack-geometry factor. When the material is subjected to compressive 
residual stress ( 0Rσ < ), the residual stress causes the closure of the crack and the 
reduction of the resultant stress intensity factor. Under tensile residual stress 
( 0Rσ > ), the tensile stress assists the crack propagation and increases the stress 
intensity factor. For indentations by a Vickers indenter, the equilibrium condition for 
the crack growth yields[140] 
1/ 2
3/ 2
2 RIC
E PK c
H c
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which gives  
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(4.5) 
Here Rσ%  is the local average residual stress around the indent. It is worth pointing 
out that Eq. (4.5) is based on the assumption that there exists a spatial distribution of 
residual stresses surrounding the crack. This is different from the approach used by 
Zhang et al. [139], who used a line residual force in their analysis.  
Figure 6 shows the dependence of the crack length of the secondary indentations 
on the indentation load. For comparison, Eq. (4.5) is used to fit the experimental 
results with the indentation hardness of 7.47 GPa and the fracture toughness of 0.11 
MPa·m1/2 obtained in previous sections. The fitting curves are also depicted in Fig. 
4.6. Clearly, Eq. (4.5) describes the relationship between the crack length and the 
indentation load of the secondary indentations in the stress field created by the 
primary indentations. It is worth mentioning that the residual stress field measured is 
a local average stress including the contribution of the primary indentation and the 
other secondary indentations since the space between the secondary indentations was 
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not larger than 3 times that of the indentation size. In addition, the field of the 
residual stress around an indent has radial and transverse components. It would be 
almost impossible to measure the individual stress component from the indentation 
test, even though a smaller indenter size such as those in nanoindentation can be 
used. 
Figure 4.7 shows the variation of the local average residual stress around the 
primary indent. The primary indentation produced large compressive stress near the 
indent, which decreases with the increase in the distance from the center and 
approaches the stress-free state. It is known that the radial component of the residual 
stress created by the indentation is compressive and the transverse component is 
tensile[141]. This result suggests that the local average stress reflects more 
characteristics of the radial component of the local residual stress along the direction 
of 45º to the diagonal of the indentation. 
The dependence of the average local residual stress on the indentation load for 
the primary indentations is depicted in Fig. 4.8 for the secondary indentations at the 
location of 5 mµ  to the center of the primary indent. The average local residual 
stress is compressive with the magnitude increasing with the increase in the 
indentation load for the primary indentations. The higher the indentation load, the 
larger the average local residual stress is at equivalent locations. This result is 
consistent with the observation of larger indents under larger indentation loads. It 
should be mentioned that there is little effect of the interplay between the primary 
indentation and the secondary indentations on the average local residual stress, since 
the secondary indentations at the distance of 5 mµ  to the primary indent were 
performed without the other secondary indentations nearby. These stresses represent 
the residual stresses created solely by the primary indentations. 
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4.3.4 Material dissolution 
 The dissolution behavior of the 45S5 bioactive glass around the indents was 
studied following primary indentations. The indented discs were immersed in a PBS 
solution at temperature of 37°C to mimic body temperature. Figure 4.9 shows the 
sequence of the surface evolution around the indents in the PBS solution over 
unannealed 45S5 bioactive glass.  
Dissolution occurred first at the edges of the cracks and around/at the indents, as 
shown in Fig. 4.9b, without the presence of the dissolution in the other area, 
suggesting the stress-assisted reaction for the material dissolution. This preferential 
dissolution caused immediate blunting of the crack tips and widening of the cracks. 
The dissolution at the center of the indents was likely due to the local subsurface 
damage created in the indentation deformation. Following the material dissolution 
around the indents, material dissolved randomly over the surface as shown in Fig. 
4.9c, and there was deep dissolution in the cracks and the center of the indents. After 
continuous exposure to the PBS solution for 9 days, the material dissolution reached 
the entire surface and created rough surface except the surface of the indents, which 
became much smoother than the surrounding surface. Undercutting dissolution of 
the ring-type was observed around the indents, indicating the formation of lateral 
crack consistent with the edge dissolution at the locations of A and B in Fig. 4.9b. 
Surrounding the indent, the surface became smooth. This is likely due to the average 
local compressive residual stress as measured in previous section, which reduced the 
dissolution and prevented further dissolution over the surface. This is in accord with 
the observation by Reis et al. [142] and Sergo et al. [46] that compressive stress reduced 
the dissolution rate of hydroxyapatite coatings, suggesting that local stress state 
plays an important role in controlling chemical reactions over the surface of solids. 
Figure 4.10 shows the variation of the crack length with time for the cracks 
formed by the primary indentations. The crack length increases with the increase in 
the immersion time. The cracks created by larger indentation loads initially have 
higher growth rate. The growth rate gradually decreases with time due to less driving 
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force available for the cracks created by the indentation loads of 200, 300, and 400 
mN. It should be pointed out that, after the fifth day, the indents created by the small 
indentation load of 100 mN were dissolved. This suggests that the average local 
compressive stress from the indentation could not prevent the dissolution of material, 
but only reduce the dissolution rate.  
It is known that the crack growth can be described by the theory of thermal 
activation process. The atomic mobility, µ , at the crack tip is a function of the local 
residual stress in front of the crack tip and can be expressed as [143],[144] 
0 exp h
Q
RT
− + Ωσ⎛ ⎞µ = µ ⎜ ⎟
⎝ ⎠
                                              
(4.6) 
where 0µ  is an experimental constant, Q  the activation energy for the rate process, 
Ω  the activation volume, R  the gas constant, T  the absolute temperature. hσ  is 
the trace of the stress tensor, which is positive for tension stress and negative for 
compressive stress. For a dissolution process being controlled by atomic diffusion at 
the crack tip, the change in the crack length as a function of time can be expressed as 
ic c t− = α µ                                                       
(4.7) 
for a constant hσ . Here, α  is a constant and t  is time. Assuming that hσ  can be 
approximated as a constant in front of the crack tip for the first 3 days and 
h RTΩσ << , one obtains from Eqs. (4.6) and (4.7) 
0 exp 12 2
h
i
Qc c t
RT RT
− Ωσ⎛ ⎞⎛ ⎞− = α µ +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠
                                   
(4.8) 
The increase in the crack length is proportional to the square root of the immersion 
time and is a linear function of the average local stress. In general, h Pσ ∝ . Thus Eq. 
(4.8) can be written as 
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( )0 exp 12i
Qc c t P
RT
−⎛ ⎞− = α µ +β⎜ ⎟
⎝ ⎠
                                     
(4.9) 
where β  is a geometrical constant, depending on the activation volume of the 
material and the surface profile of the indenter. 
 The experimental data in Fig. 10 was curve-fitted with Eq. (4.7) for the 
immersion time up to 3 days, obtaining the parameter of ( ) /ic c t− . The 
dependence of the parameter of ( ) /ic c t−  on the indentation load is depicted in 
Fig. 4.11. A linear relation between the parameter ( ) /ic c t−  and the indentation 
load is observed in good accord with Eq.(4.9), suggesting that the assumption of a 
constant hσ  is reasonable for the in vitro dissolution testing up to 3 days. 
 With the growth of the crack due to the material dissolution in the PBS solution, 
the material dissolution caused the motion of the crack surfaces and the blunting of 
the crack tip. Figure 4.12 shows the evolution of the crack-tip radius with the 
immersion time, in which the embedded micrograph shows the tip blunting and the 
lateral widening of a crack formed by an indentation load of 100 mN. The growth 
rate of the tip radius decreases with increasing immersion time, similar to the crack 
growth. In contrast to the growth of the crack length, the cracks formed by the 
indentation load of 100 mN have the highest growth rate in the blunting of the crack 
tip, while the cracks formed by the indentation load of 500 mN have the smallest 
growth rate for the tip blunting. This trend may be associated with the confinement 
of the surrounding material on the crack. For the indentations by small indentation 
loads, the plastic deformation zone is smaller and the compressive residual stress 
near the crack surface is lower. There is less resistance to the dissolution of material, 
which allows the presence of faster widening of the cracks and the faster blunting of 
the crack tips. 
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4.4. Summary 
The mechanical response and the stress state in a bioactive glass determine the 
load-bearing applications and bioactivity of the bioactive glass. The residual stress 
developed in the handling and fabrication of bioactive glasses can influence the 
dissolution behavior and biofunction of bioactive glass as implant materials for bone 
replacement. Using the microindentation technique and indentation fracture, the 
local residual stress created in the 45S5 bioactive glass by indentation was studied 
around the indents along the direction of 45 º to the diagonal of the indents. The 
material around the indent was in a compressive stress state along the radial direction 
after the indentation. The average local residual stress increased with the increase in 
the indentation load, and the magnitude decreased with increasing distance away 
from the center of the indent. The compressive residual stress reduced the dissolution 
rate of the bioactive glass and retarded the dissolution of the indents formed by the 
primary indentations with the indentation load larger than 200 mN. 
 From the theory of thermal activation process, a simple relation was derived 
among the change of the crack length, the dissolution time, and the indentation load 
for the material dissolution in a short time period. The change in the crack length 
was proportional to the square root of the immersion time and was a linear function 
of the indentation load. The experimental results for the crack growth in the PBS 
solution supported this relationship. The lateral growth of the cracks was also 
observed. The blunting rate of the crack tip decreased with the immersion time, and 
the cracks generated by small indentation load had higher blunting rate than those 
created by high indentation load. 
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Figure 4.1. Secondary electron micrograph of a primary indent (Fmax=200mN) and 
the secondary indents 
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Figure 4.2. Secondary electron micrograph of the primary Vickers indent (with 
diagonal of length 2a) made at the peak indentation load of 400mN in the 45S5 
bioactive glass, showing the formation of radial cracks of length 2c. 
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Figure 4.3. Dependence of the indentation hardness on the peak indentation load 
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Figure 4.4. Dependence of the crack length on the indentation load for the 
indentations on the stress-free bioactive glass 
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Figure 4.5. Variation of the crack size of the secondary indentations with the 
distance to the primary indent (indentation load for the primary indent: 500 mN) 
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Figure 4.6. Dependence of the crack size of the secondary indentations on the 
indentation load (indentation load for the primary indent: 500 mN) 
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Figure 4.7. Variation of the average local residual stress with the distance to the 
primary indent (indentation load for the primary indent: 400 mN). Negative stress is 
compressive. 
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Figure 4.8. Dependence of the average residual stress on the indentation load for the 
primary indentation at a fixed distance of 5 mµ  from the center of the primary 
indent. 
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Figure 4.9. Morphological evolution around the indent as a function time 
(indentation load: 500 mN); a) 0 day, b) 1 day, c) 5 days, and d) 9 days (Note: the 
45S5 bioactive glass shown was unannealed.) 
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Figure 4.10. Growth of the crack length with time in the PBS solution for the cracks 
created by the primary indentations (ci: half of the initial diagonal length of the 
indentation crack before in-vitro dissolution testing). Cracks with primary load of 
100mN could not be found after 5 days immersion. 
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Figure 4.11. Dependence of the parameter of ( ) tcc i /−  on the indentation load 
 
 
 
 
 
 
 
 
 
 
83 
 
 
 
   
0
0.5
1
1.5
2
0 2 4 6 8 10
Ti
p 
ra
di
us
 (µ
m
)
Immersion Time (day)
P (mN):
100
200
300
400
500
P: 100 mN
1 day
10 µm
 
Figure 4.12. Growth of the crack tip with time in the PBS solution for the cracks 
created by the primary indentations. The embedded micrograph shows the lateral 
widening of the crack and the bluningt of the crack tip for the cracks made by an 
indentation load of 100 mN. 
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Chapter 5 Local surface damage and material dissolution in 45S5 bioactive 
glass using spherical indenter: Effect of the contact deformation 
 
5.1. Background  
Localized deformation can change local chemomechanical response of a bioactive 
material and alter the local dissolution and biofunctionality of the material. We used 
a spherical diamond indenter to study the indentation deformation of 45S5 bioglass, 
and to examine the effect of the indentation deformation on the material dissolution 
of 45S5 bioglass in the PBS solution. Ring cracks, radial cracks and local surface 
damage due to the contact between the indenter and the 45S5 bioglass are revealed. 
The dependence of the growth of the radial cracks on the indentation load is also 
discussed.  
 
5.2. Experimental 
The samples were cut, grinded and polished as described in Chapter 3. The 
polished samples then were heat-treated in air at 350ºC for 2 hours and 
furnace-cooled to room temperature to remove the residual stresses generated in the 
grinding and polishing before indentation.  
Microindentations were made on the polished surface of the discs using a 
diamond, spherical indenter of 50 mµ  in radius on a Micro-Combi Tester (CSM 
Instruments, Needham, MA). The peak indentation load applied to the indenter was 
in the range of 500 mN to 3000 mN. The indentation loading-unloading rate was 500 
mN/min; and the holding time was 5 seconds at the peak load. Arrays of indents 
were created with a minimum of 5 indents for each indentation load, and the spacing 
between two nearby indents was at least 3 times larger than the size of the indents. 
The impression marks were measured using an optical microscope and a scanning 
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electron microscope (SEM). After the indentations, the specimens were immediately 
stored in a desiccator.  
The indented-samples later were placed into a PBS solution of ~1 L in an 
agitated water bath with the indented surface up. The PBS solution used was made as 
the procedures described in Chapter 3. The PBS solution was not agitated and was 
sealed to prevent from contamination and evaporation. The temperature was 
maintained at 37°C to mimic the body temperature. The specimens were immersed 
into the PBS solution over the periods of 1, 3, 5, 7or 9 days,  
 
5.3. Results and discussion 
5.3.1 Microindentation 
 Figure 5.1 depicts the SEM micrographs of the impression marks over a 45S5 
bioglass by the indentation loads of 800 and 3000 mN prior to the immersion test. 
Both ring cracks and radial cracks are observed around the indents, depending on the 
indentation load. This is in contrast to the indentations made by a Vickers indenter, 
in which only radial cracks were observed[94]. There is only one ring crack for the 
indentation made by the indentation load of 800 mN. In contrast, there are multiple 
ring cracks and 6 radial cracks, as shown in Fig. 1b, emanating from the periphery of 
the indentation mark/the outmost ring crack for the indentation made by the 
indentation load of 3000 mN. This result suggests that the ring cracks were first 
formed at small indentation loads and the radial cracks were formed after the 
formation of the ring cracks at large indentation loads. The formation of the radial 
cracks was likely due to the stress concentration at the damaged surface in the 45S5 
bioglass around the ring cracks, although there were no sharp edges on the surface of 
the spherical indenter. The stress concentration caused the formation and propagation 
of local radial cracks. 
 Figure 5.2 shows the dependence of the size of the impression marks on the 
indentation load. The indentation size varied linearly with the indentation load. Such 
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a behavior is different from the parabolic relation for the indentation of ductile 
materials and likely is due to the formation and propagation of the surface damage 
over the 45S5 bioglass during the indentation. More mechanical work was dissipated 
for the development of anelastic deformation.  
 From the size of the impression marks, d , one can calculate the indentation 
hardness, H , as 
2
4PH
d
=
π
                                                         
(5.1) 
where P  is the peak indentation load and d  is the average size of the impression 
marks. The dependence of the indentation hardness on the indentation load is 
depicted in Figure 5.3. The indentation hardness gradually increases from 3.5 GPa at 
the indentation load of 800 mN to 6.1 GPa at the indentation load of 2000 mN. For 
the indentation loads larger than 2000 mN, there is only a slight change in the 
indentation hardness, and the indentation hardness can be approximated as a constant 
of 6.2 GPa. This value is slightly less than 7.47±0.51 GPa obtained from the 
indentations made by a Vickers indenter[94]. Such a difference is due to the effect of 
the indenter-surface profile, which produces different stress distribution underneath 
the indentation.  
 For brittle materials, the indentation-induced surface cracks include the median 
crack, radial crack, and lateral crack. Approximating the indentation-induced 
median-radial cracks as centre-loaded half-penny cracks, Lawn et al. [145] obtained 
the relationship between the size of a median-radial crack and the indentation load 
for sharp indenters as 
3/ 2P c= χ                                                          
(5.2) 
where c  is the distance between the center of the indentation mark and the crack tip, 
and χ  is a constant depending on the mechanical properties of the material and the 
indenter profile. Equation (5.2) has been supported by various experimental results. 
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Recently, Dériano et al. [146] found that their experimental results of the indentation 
fracture of silica-rich glasses deviated from Eq. (5.2) and suggested that the 
deviation was due to the densification underneath the indentation and the formation 
of ring cracks. 
 Consider that the radial cracks started at the periphery of the ring cracks in the 
indentation of the 45S5 bioglass. It is reasonable to assume that the radial cracks can 
be approximated as quadrant-penny cracks with the center of the cracks being at the 
periphery of the outmost ring crack and are subjected to concentrated force at the 
center of the cracks due to the indentation deformation. Thus, the size of the radial 
crack becomes ( / 2)c d− ; and one can modify Eq. (5.2) as 
3/ 2( / 2)P c d= χ −                                                   
(5.3) 
Figure 5.4 shows the dependence of the crack size on the indentation load. The 
indentation load is proportional to the 3/2 power of ( / 2)c d− , supporting Eq.(5.3). 
This trend suggests that the ring cracks hindered the propagation of the radial cracks 
likely due to local densification underneath the indentation. Under such conditions, it 
is unclear if the fracture toughness of the 45S5 bioglass can be evaluated from the 
radial cracks created by spherical indentations. 
The inelastic energy, inE , dissipated in an indentation cycle is the area enclosed 
by the loading-unloading curve and the displacement axis that represents the 
energetic contribution to the formation and propagation of surface damage and local 
inelastic deformation. Using dimensional analysis, Chen et al. [106] showed that the 
inelastic energy is a power function of the indentation load as,  ninE P∝  ( n  is a 
force exponent). Figure 5.5 shows the dependence of the dissipated inelastic energy 
on the indentation load. In contract to the indentation of ductile materials[106], [147], 
[107], there are two force exponents. For the indentation loads less than or equal to 
1000 mN, the force exponent is 1.5, which is consistent with the dimensional 
analysis for perfect plastic materials. For the indentation loads larger than 1000 mN, 
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the force exponent is 2.6, which suggests that more mechanical work was dissipated 
in the indentation cycle. The difference is likely due to the formation and 
propagation of the radial cracks. At large indentation loads, the radial cracks were 
created as indicated in Fig. 4, which produced new crack surfaces in addition to local 
surface damage and inelastic deformation. The formation of the radial cracks 
required the compensation of surface energy from the mechanical work. This 
resulted in more dissipation of mechanical work and the high force exponent. 
Obviously, there exists a critical indentation load, at which the radial cracks will start 
to nucleate during the indentation of the 45S5 bioglass. 
 
5.3.2 Material dissolution 
 The effect of the indentation deformation on the dissolution behavior of the 45S5 
bioglass was studied following the indentations. The indented 45S5 bioglass were 
immersed in a PBS solution at temperature of 37 °C to mimic the body temperature. 
Figure 5.6 shows the sequence of the surface evolution around the indents by an 
indentation load of 3000 mN in the PBS solution. The region around the cracks first 
underwent the material dissolution as shown in Fig. 5.6b, which suggests the 
stress-assisted reaction for the material dissolution. The material dissolution widened 
the gaps between the crack surfaces. Severe dissolution occurred over the contact 
zone, which revealed multiple ring-type grooves and debris. This is consistent with 
the observation of the ring cracks. The presence of the debris indicates that local 
subsurface damage and densification were produced during the indentation. 
Continuous exposure to the PBS solution led to more material dissolution over the 
damaged area and deep dissolution along the cracks, as shown in Figs. 5.6c and 5.6d. 
In the meantime, the exposure to the PBS solution also caused random dissolution of 
materials over the surface away from the area surrounding the indents as shown in 
Fig. 5.6e. A typical surface morphology of a 45S5 bioglass is shown in Fig. 5.6f after 
continuous exposure to the PBS solution for 9 days. The entire surface experienced 
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the material dissolution and became rough except the area surrounding the indents 
produced by the indentation loads larger than 2000 mN, which became much smooth. 
This is likely due to the residual compressive stresses created by the indentations, 
which hindered the dissolution of the 45S5 bioglass in the PBS solution over a long 
period of the immersion. It should be pointed out that the deformed surfaces created 
by the indentation loads less than 1500 mN were completely dissolved after 1 day.   
 Figure 5.7 shows the material dissolution at an crack tip after 1 day’s immersion 
in the PBS solution for the indentation made by an indentation load of 3000 mN. The 
crack tip blunted and the gap between the crack surfaces became wide. This is due to 
local residual, tensile stress, which assisted the material dissolution. All of these 
results suggest that the dissolution behavior of the 45S5 bioglass is a function of 
local stress state. 
 Figure 5.8 shows the dependence of the distance of the crack tip to the 
indentation center on the immersion time for the radial cracks. The crack size 
increases with the increase in the immersion time. The growth speed for the cracks 
made by large indentation loads is higher than that for the cracks made by small 
indentation loads since large indentation load created higher local residual stress at 
the crack tip than that made by small indentation load. It is worth pointing out that 
the radial cracks produced by the indentation load of 1000 mN were completely 
dissolved after 1 day’s immersion. This suggests that the radial cracks did not pass 
through the indentation-created plastic zone. 
 It is believed that water reacts with glasses in the vicinity of a crack tip and 
weakens the bond strength. This allows the propagation of cracks in aqueous 
environment when subjected to local residual-tensile stress. (i.e. stress-assisted 
cracking). The stress-assisted cracking process is complex, which can be divided into 
three regions [148].  In region I, the crack growth is activated through the 
chemomechanical interaction between water and the material and the growth speed 
is a function of the local stress. In region II, the crack-growth speed is much faster 
than the reaction rate for the chemomechanical interaction and the growth behavior 
is independent of atomic motion at the crack tip. In region III, the crack growth is 
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related to the bond rupture.  
 Several models [149] have used the stress-assisted chemical reaction theory to 
analyze the stress-assisted crack growth and associated the crack-growth speed with 
the stress intensity factor or the strain energy release rate. From the rate theory [150], 
Sergo et al. [151] suggested that the stress-assisted dissolution is a function of the 
hydrostatic stress. Thus, following the analysis given by Pollet and Burns [152], one 
can express the dependence of the crack-growth speed, V , on the local stress in the 
vicinity of a crack tip  in the region of the stress-dependent crack growth as 
exp sinh h ERQV A
RT RT
σ Ω −− ⎛ ⎞⎛ ⎞= ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠
                                      
(5.4) 
where A  is a constant dependent upon the lattice-vibration frequency and atomic 
space, Q  is the activation energy of the adsorption-desorption procession, R  is 
the gas constant, T  is the absolute temperature, Ω  is an activation volume, and 
ER  is two time of the solid-liquid interface energy. hσ  is the trace of the stress 
tensor in the front of the crack tip, which is positive for tensile stress and negative 
for compressive stress. For h ER RTσ Ω − << , Eq. (5.4) can be simplified as 
exp h ERQV A
RT RT
σ Ω −−⎛ ⎞= ⎜ ⎟
⎝ ⎠
                                           
(5.5) 
In general, one can assume h Pσ ∝  if the characteristic time for the relaxation of 
the local stress in the vicinity of the crack tip is much larger than the immersion time. 
Thus, Eq. (5.5) becomes 
exp EP RQV A
RT RT
α −−⎛ ⎞= ⎜ ⎟
⎝ ⎠
                                            
(5.6) 
The growth speed of the radial cracks is a linear function of the indentation load. 
From Fig. 5.8, one can calculate the crack-growth speed through the curve fitting. 
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Figure 5.9 shows the dependence of the crack-growth speed on the indentation load. 
A linear relation is observed between the crack-growth speed and the indentation 
load, which is in good accordance with Eq.(5.6). The result suggests the presence of 
the stress-assisted crack propagation in the 45S5 bioglass, when the indented 45S5 
bioglass was immersed in the PBS solution. The crack growth is associated with the 
stress-assisted material dissolution in the vicinity of the crack tip. The local stress 
can enhance or suppress the dissolution of material and the propagation of surface 
cracks in the PBS solution, dependent upon the stress state.  
 
5.4 Summary 
 The biofunctionality of bioactive glasses depends on the chemomechanical 
interaction in the human physiological solution. Using the microindentation 
technique, the local deformation of the 45S5 bioglass was studied, and the behavior 
of the material dissolution around the indents was investigated. For the indentations 
made by the indentation loads of larger than 1000 mN, the radial cracks were created 
in addition to the multi-ring cracks over the contact zone. The indentation hardness 
gradually increased with the indentation load and reached a constant of 6.2 GPa for 
the indentation load larger than or equal to 2000 mN. An empirical relation was 
proposed to correlate the size of the radial cracks with the indentation load that was 
supported by the experimental results. The inelastic energy dissipated in an 
indentation cycle was a power-function of the indentation load with a transition from 
a small force exponent of 1.5 to a large force exponent of 2.6 at the indentation load 
of 1000 mN. The transition likely corresponded to the formation of the radial cracks, 
which emanated from the periphery of the ring cracks. 
 The effect of the indentation deformation on the dissolution behavior of the 45S5 
bioglass in the PBS solution was examined. The bioglass surrounding the indents 
experienced different dissolution behavior from the surface away from the indents. 
Fast dissolution occurred over the indentation-created damaged zone, including the 
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edges of the cracks. Multiple small debris and ring-type grooves were observed. This 
suggested that, in addition to the ring cracks over the contact zone, the indentation 
created local subsurface damage underneath the indentation. The depth and width of 
the grooves and the cracks increased with the immersion time. Smooth surface was 
formed over a long period of the immersion surrounding the indents that was likely 
due to the confinement of the material dissolution controlled by local compressive, 
residual stress. In contrast, the bioglass away from the indentation-influenced zone 
showed random dissolution in a short time period and eventually grew over the 
entire stress-free surface. 
 The growth of the radial cracks in the PBS solution showed the stress-corrosion 
behavior, falling into the category of the region I. A simple relation was proposed 
between the crack-growth speed and the indentation load from the rate theory. The 
experimental results for the crack growth of the radial cracks supported this 
relationship. Local material dissolution and the tip blunting were also demonstrated. 
All of these results indicate the potential of using local stresses to control the 
biofunctionality of bioactive glasses in the human physiological solution. 
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Figure 5.1. Surface cracks created by the spherical indentations, a) a ring crack 
(indentation load: 800 mN), and b) multiple ring cracks and six radial cracks 
(indentation load: 3000 mN). 
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Figure 5.2. Dependence of the indentation size on the indentation load 
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Figure 5.3. Dependence of the indentation hardness on the indentation load 
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Figure 5.4. Dependence of the size of the indentation-created radial cracks on the 
indentation load 
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Figure 5.5. Dependence of the inelastic energy on the indentation load 
 
 
 
 
 
 
 
 
 
 
98 
 
 
 
 
 
 
 
Figure 5.6. SEM micrographs of the morphological evolution around the indents 
(indentation load: 3000 mN); a) as-indented surface, b) 1-day’s dissolution, c) 
3-days’ dissolution, d) 9-days’ dissolution, e) an enlarged view of the surface 
topology around the indent, and f) the global view over the indentation region.  
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Figure 5.7. Material dissolution at the crack tip for an indent created by an 
indentation load of 3000 mN (immersion time: 1 day). 
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Figure 5.8. Dependence of the distance of the crack tip to the indentation center on 
the immersion time for the radial cracks 
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Figure 5.9. Dependence of the crack propagation speed on the indentation load 
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Chapter 6    Indentation Behavior of Crystallized 45S5-Bioglass 
 
6.1. Background 
We previously studied the effect of localized stress on the dissolution of 
45S5-bioglass of vitreous state in phosphate buffer solution and stress-dependent 
dissolution of the 45S5-bioglass. Considering the importance of the effect of 
crystallinity on the mechanical strength and bioactivity of crystallized bioglasses for 
the implant applications of bioactive glasses, we next focused on studying the 
localized mechanical deformation of crystallized 45S5-bioglass, the material 
dissolution and the formation of hydroxyapatite-surface layer. The contact modulus, 
indentation hardness, and fracture toughness are evaluated, using the 
microindentation technique. The formation of hydroxyapatite-surface layer over the 
crystallized 45S5-bioglass is examined in phosphate buffer solution (PBS). 
 
6.2. Experimental 
Sample Preparation 
The samples were cut, grinded, polished and annealed as described in Chapter 3. 
The annealed samples were immediately dried with compressed air and followed by 
desiccation for at least one day before indentation.  
 
Indentation 
Microindentations were made on the polished surface of the crystallized 
45S5-bioglass, using a diamond Vickers indenter on a Micro-Combi Tester (CSM 
Instruments, Needham, MA). The maximum indentation loads (Fmax) varied from 
100mN to 500mN. The loading rate was 200 mN/min, and there was a holding time 
of 5 s at the peak indentation load. The loading-unloading curves were recorded, and 
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the sizes of the indentation marks and the crack lengths were measured, using an 
optical microscope immediately after the indentation. The indented samples were 
stored in a desiccator following the indentation. Arrays of indents, with a minimum 
of 5 indents per maximum indentation load (spaced at least 3 times of the indent size 
between the indents), were created prior to in vitro immersion testing.  
 
 
In vitro immersion testing 
The indented discs with the indented surface up were placed in a PBS solution of 
~ 1 L in an agitated water bath to maintain a uniform temperature of 37 °C. The PBS 
used was made following the procedures described in Chapter 3. The specimens 
were respectively immersed into the PBS for 1, 3, 4, 5, 7, and 9 days. 
 
Materials characterization 
X-ray diffraction of the as-received 45S5-bioglass was performed, using a 
Bruker AXS diffractomer (Siemens) with scanning between 10° and 80° and a 
scanning rate of 1 °/minute. Scanning electron microscopy (SEM) with energy 
dispersive x-ray capability (EDS) was performed to characterize the surface 
morphology of the indentation imprints on a Hitachi S3200 instrument. The indented 
and immersed 45S5-bioglass discs were gold-palladium-coated prior to SEM. The 
samples were stored in a desiccator between the characterization studies. 
 
6.3. Results and discussion 
The X-ray diffraction was conducted to examine 45S5-bioglass in both vitreous 
state and crystalline state. For the 45S5-bioglass in vitreous state, there is a broad 
diffraction peak that corresponds to an amorphous structure. No peaks associated 
with any crystalline phase can be observed. Figure 6.1 shows the X-ray diffraction 
patterns of the crystallized 45S5-bioglass after the heat treatment (650 ºC for 8 
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hours). Obviously, the 45S5-bioglass was fully crystallized, and there was no glass 
structure present in the material. Figure 6.2 shows a typical microstructure of the 
crystallized 45S5-bioglass. The grain size of the crystallized 45S5-bioglass was 
determined to be about 40 microns. Instead of grain boundary groove, grain 
boundary ridges were present over the surface, suggesting the possible segregation 
over the grain boundaries in the crystallized 45S5-bioglass. 
 
6.3.1 Indentation characteristics 
The indentation tests were carried out using the load-control mode. Prior to a full 
indentation, a pre-load of 5 mN was applied to the indenter in order to maintain the 
contact between the indenter and the surface of the sample and to avoid the effect of 
impact. Figure 6.3 shows typical indentation loading-unloading curves for the 
indentation of the crystallized 45S5-bioglass. There exists slight difference in the 
loading curves for three different peak-indentation loads that is likely due to the 
effects of local inhomogeneity and crystal orientation. 
Figure 6.4 shows typical SEM micrograph of the surface morphology 
surrounding an indent made by an indentation load of 400 mN. Both edge cracks and 
radial cracks have been observed around the indent, depending on the indentation 
load. The formation of the radial cracks was likely due to the stress concentration at 
the edges of the Vickers indenter, and the formation of the edge cracks was due to 
the surface-tensile stress created by the indentation. The surface-tensile stress caused 
the formation and growth of local edge cracks and subsurface damage in the 
crystallized 45S5-bioglass. 
 The dependence of the diagonal length of the impression marks, D , on the 
indentation load, F , is depicted in Fig. 6.5. Using a curve-fitting, one obtains 
1/ 20.50D F=  ( D  is in the unit of micrometer, and F  is the indentation load in the 
unit of milli-Newton). The indentation size proportionally varied with the square 
root of the indentation load. Such a behavior is different from the linear dependence 
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of the indentation size on the indentation load for the indentation of 45S5-bioglass 
by spherical indenters [153]. This is likely due to the microstructural effect; one 
material was in vitreous state and the other in crystalline state.  
 Form the size of the indents, one can use the following equation to calculate the 
Vickers hardness, 
2
1.854FH
D
=                                                       
(6.1) 
where D  is the average diagonal length of the indents. Using the curve-fitting 
result of Fig. 6.5, the average Vickers hardness is calculated as 7.42 GPa. Figure 6.6 
shows the variation of the Vickers hardness with the indentation load, in which the 
Vickers hardness was calculated by using the average diagonal length of indents and 
the corresponding indentation load. There are scatterings around the average Vickers 
hardness, depending on the indentation load. Such scatterings are likely due to local 
inhomogeneity in the crystallized 45S5-bioglass. From Fig. 6.5, one obtains the 
Vickers hardness of 7.42±0.95 GPa, which is the same as 7.47±0.51 GPa obtained 
from the indentations of vitreous 45S5-bioglass [94]. The crystallization has no 
significant effect on the indentation hardness, which represents the plastic 
deformation under the localized loading.  
 It is known that the unloading behavior of a material at the onset of unloading is 
mainly controlled by elastic recovery is used to calculate the contact modulus. Figure 
6.7 shows the dependence of the contact modulus on the indentation load. The contact 
modulus decreases with the increase in the indentation load due to the formation and 
propagation of subsurface damage underneath the indentation. The 
indentation-induced subsurface damage caused less elastic recovery. Using the results 
shown in Fig. 7, one obtains the average contact modulus as 12.14±1.15 GPa, which 
is less than 43.33 GPa for the 45S5-bioglass in vitreous state (the Young’s modulus of 
45S5-bioglass in vitreous state is 32.5 GPa [94] and the Poisson’s ratio is assumed as 
0.5 in the calculation). Such a difference likely reveals the formation of defects, such 
as grain boundaries, during the crystallization and the indentation-induced subsurface 
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damages which reduces the apparent contact modulus of the crystallized 
45S5-bioglass.  
 As shown in Fig. 6.4, both the radial and edge cracks were formed during the 
indentation. This phenomenon suggests that the crystallized 45S5-bioglass is brittle. 
Following the approach given by Evans and Charles [154], one can approximate the 
indentation-induced radial cracks as center-loaded half-penny cracks and express the 
load dependence of the size of the radial cracks as 
1/ 2
3/ 2ICK EF c
H
−
⎛ ⎞= ⎜ ⎟δ ⎝ ⎠
                                                
(6.2) 
where ICK  is the fracture toughness, δ  is an empirical constant of 0.016 ± 0.004 
for the Vickers indentation [155], and E  is Young’s modulus of the material. Figure 
6.8 shows the dependence of the diagonal length of the radial cracks on the 
indentation load. The indentation load is proportional to the 3/2 power of the 
diagonal length of the radial cracks in accord with Eq.(6.2). This suggests that the 
indentation-induced radial cracks during the indentation of the crystallized 
45S5-bioglass can be approximated as centre-loaded half-penny cracks. Using the 
indentation hardness of 7.42 GPa and the Young’s modulus of 9.11 GPa (as 
calculated from the contact modulus with the Poisson ratio of 0.5), one obtains the 
fracture toughness of 0.038+0.004 MPa·m1/2. The fracture toughness of the 
crystallized 45S5-bioglass is about 3 times less than the fracture toughness of 
0.11±0.02 MPa·m1/2 of annealed 45S5-bioglass [94]. Obviously, the crystallized 
45S5-bioglass is much more compliant and weaker than the 45S5-bioglass in 
vitreous state. Thus, 45S5-bioglass in vitreous state is preferred for clinic 
applications. 
 
6.3.2 Material dissolution and precipitation  
The effect of the indentation deformation on the dissolution behavior of the 
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crystallized 45S5-bioglass was studied. Figure 6.9 shows the dissolved surface away 
from the indents after one-day’s and three-days’ immersion. There are random 
dissolutions over the surface of unindented area. Faster dissolution occurred at the 
grain boundaries. Materials were leached into the PBS solution, while the grain 
boundary ridges dissolved at much slower rate than that of the surrounding materials. 
This is likely due to the segregation in the grain boundaries, which increases the 
resistance to the dissolution in the PBS solution. After five-days’ immersion, 
precipitation occurred over entire surface of the crystallized 45S5-bioglass that 
prevented further observation of the dissolution around the grain boundaries and the 
material surface.  
Figure 6.10 shows the surface evolution of the crystallized 45S5-bioglass around 
the indents after various times of immersion in the PBS solution. In addition to 
material dissolution over the damaged surface by the indentation, material 
dissolution occurred randomly over the surface of the crystallized 45S5-bioglasses 
after one day’s immersion; faster dissolution was observable over the damaged zone 
than that in the undamaged area. The faster dissolution likely was due to 
stress-corrosion cracking and material removal in the solution. Broadening and 
growth of surface cracks were noticeable similar to the growth of cracks as observed 
in the 45S5-bioglass of vitreous state [94]. The material dissolution progressed in both 
the vertical and the lateral directions with high dissolution rate in the lateral/radial 
direction. Such behavior reflected the effect of surface diffusion, a fast process for 
atomic migration, which allowed the dissolved material to diffuse away from the 
surface at a fast rate in the lateral/radial direction. In contrast, there was no 
significant material dissolution along the lateral direction around the sites of the 
indents. This is due to the effect of residual stresses as created by the indentation. 
According to the rate theory [14, 15], atomic mobility is a function of local residual 
stress with compressive stress suppressing atomic migration and limiting the 
material dissolution. The lack of lateral material dissolution around the indents 
reflects the presence of local compressive stress as created by the indentation, which 
is in accord with the observation in the indentation of 45S5-bioglass of vitreous state 
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[94].  
After four days’ immersion, precipitation occurred. Precipitates of rectangular 
prism as shown in Fig. 6.10 began to nucleate and were present randomly over the 
surface. There is a needle-type precipitate, likely dicalcium phosphate for the 
indentation made by an indentation load of 400 mN. The remnants of the indentation 
sites are still visible. Such multifaceted precipitates are different from the spherical 
precipitates present in the immersion of 45S5-bioglass of vitreous state [156] and 
suggest that the precipitates are in a crystal state. Significantly different surface 
morphology is observed after five-days’ immersion in the PBS solution. There is a 
mineralized layer covering the entire surface of the crystallized 45S5-bioglass. The 
indent sites become invisible. In comparison with the formation of the mineralized 
layer over a 45S5-bioglass of vitreous state after two weeks’ immersion, the results 
indicate that the presence of the crystal structure enhances the formation rate of the 
mineralized layer.  
To characterize the chemical composition of the mineralized layer, Energy 
Dispersive. Spectroscopy (EDS) was used to examine the ionic relationship among 
calcium, phosphate and silica. Table 1 lists the EDS results. There is little change in 
the calcium-silica ratio for the first five-days’ immersion and a decrease in the 
calcium-phosphate ratio with the immersion time. There is a formation of a 
hydroxyapaptite layer (Ca/P ratio of 1.68 by EDS) after seven-days’ immersion and a 
formation of dicalcium phosphate (Ca/P ratio of 1.25 by EDS) after nine-days’ 
immersion. It is very difficult if not impossible to evaluate the effect of localized 
deformation on bioactivity and biofunctionality of the crystallized 45S5-bioglass 
without in vivo testing. However, the presence of localized deformation changes the 
dissolution rate of the crystallized 45S5-bioglass as shown in Fig. 6.9 for the 
immersion in the PBS solution up to four days. 
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6.4 Summary 
Using the microindentation technique, the localized deformation of the fully 
crystallized 45S5-bioglass was studied, and the behavior of material dissolution 
around the indents was investigated in the indentation load range of 100 mN to 500 
mN. Both the radial and edge cracks were created during the indentation, which 
introduced subsurface damage underneath the indentation. An indentation hardness 
of 7.42±0.95 GPa was obtained, which is independent of the indentation load under 
the experimental conditions and the same as 7.47±0.51 GPa obtained from the 
indentations of vitreous 45S5-bioglass. The contact modulus slightly decreased with 
the increase in the indentation load due to the formation and propagation of 
subsurface damage underneath the indentation, and the average contact modulus was 
12.14±1.15 GPa about 3 times less than that for 45S5-bioglass of vitreous state. The 
fracture toughness of the crystallized 45S5-bioglass was also about 3 times less than 
that of annealed 45S5-bioglass in vitreous state. 
The effect of the indentation deformation on the dissolution behavior of the 
crystallized 45S5 bioglass in the PBS solution was examined. Random surface 
dissolution was present with fast lateral dissolution rate over the undeformed surface. 
Surface precipitation occurred after four days’ immersion, and a mineralized layer 
was formed over the entire surface of the crystallized 45S5 bioglass after five days’ 
immersion. There was a decrease in the calcium-phosphate ratio with the immersion 
time. It was proven that a hydroxyapaptite layer (Ca/P ratio of 1.68 by EDS) was 
formed after seven-days’ immersion and a dicalcium phosphate (Ca/P ratio of 1.25 
by EDS) was formed after nine-days’ immersion.  
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Figure 6.1. XRD diffraction patterns of fully crystallized 45S5-bioglass 
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Figure 6.2 Microstructure of the crystallized 45S5-bioglass 
 
 
 
 
 
 
 
 
 
112 
 
 
 
 
 
 
 
0
50
100
150
200
250
300
0 1 2 3 4 5
In
de
nt
at
io
n 
lo
ad
 (m
N
)
Indentation depth ( µm)
 
Figure 6.3. Typical indentation curves for the indentation of the crystallized 
45S5-bioglass 
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Figure 6.4. Surface cracks created by the indentation at an indentation load of 
400mN 
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Figure 6.5. Dependence of the diagonal length of indents on the indentation load 
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Figure 6.6. Variation of the Vickers hardness with the indentation load 
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Figure 6.7. Dependence of the contact modulus on the indentation load 
 
 
 
 
 
 
 
 
 
117 
 
 
 
 
0
100
200
300
400
500
0 20 40 60 80 100 120 140
In
de
nt
at
io
n 
lo
ad
(m
N
)
c3/2 (µm3/2)
 
Figure 6.8 Dependence of the size of the radial cracks on the indentation load 
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a) 
 
b) 
Figure 6.9. Surface dissolution of the crystallized 45S5-bioglass after immersion in 
PBS; a) 1 day’s immersion and b) 3 days’ immersion.  
 
 
 
 
 
119 
 
 
 
Figure 6.10. SEM micrographs of the surface evolution of the crystallized 
45S5-bioglass around the indents after various times of immersion in the PBS 
solution 
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Chapter 7 Localized mechanical behavior of Ca-P precipitate layers 
 
7.1 Introduction   
The understanding of bioactivity and mechanical behavior of bio-implanted 
materials is an important area in the research and development of biomaterials. There 
are two approaches generally used to evaluate the bioactivity of bio-implanted 
materials. The first involves the assessment of the formation ability of an apatitic 
layer over a solid surface in simulated body fluid (SBF), which is an in vitro test as 
developed by Kokubo et al. [157]. This approach has been used to test bioactivity of 
various materials, including metals [158]，[159], ceramics [160]，[161], and polymers [162]，
[163]. The second is the bioactivity index, Ib, of a biomaterial which is related to the 
time taken for the material to form more than 50% bond with bone upon 
implantation (100/t0.5bb, bb-bond to bone) [164]. Both approaches depend on kinetics 
of the apatite formation in physiological or simulated physiological environment. To 
understand the kinetics of the apatite formation in physiological environment, 
Prakash et al. [165] assumed a linear relation between the thickness of the apatite layer 
and the concentration of 3-4PO  ions in SBF and developed a semi-empirical relation 
for the time dependence of the apatite layer thickness by introducing an equilibrium 
thickness of the apatite layer, which is a curve-fitting parameter. However, their 
analysis did not consider the effect of ion migration on the growth of the apatite 
layer.  
The apatite layer offers a good interface between implanted materials and 
physiological fluid not only to induce ingrowth of natural bone but also to bear 
mechanical loading because of mechanical contact at joints. The mechanical 
properties of apatites play an important role in controlling the service life and 
performance of implanted materials and the ingrowth of natural bone. However, 
there are only limited reports on mechanical properties of apatites. Using ultrasonic 
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interferometer coupled with a solid media pressure apparatus, Katz and his 
co-worker [166] reported an elastic modulus of 114 GPa for polycrystalline 
hydroxyapatites, including mineral and synthetic. Silva et al. [167] summarized the 
mechanical properties of dense hydroxyapatite ceramics with Young’s modulus in 
the range of 70-120 GPa. None of these investigations focused on the apatite layer 
formed on a bioglass surface. We studied localized mechanical behavior of the Ca-P 
precipitate layers formed on the surface of 45S5 bioglass in SBF, using the 
indentation technique. The Energy Dispersive X-ray analysis (EDS) is used to 
identify the precipitate phases in the Ca-P layers. Both the contact modulus and the 
indentation hardness of the Ca-P layers are determined as a function of the layer 
thickness; and the dependence of the contact modulus and the indentation hardness 
on the layer thickness is discussed. 
 
7.2. Experimental 
The samples were cut, grinded, and polished as the procedures described in 
Chapter 3. The polished samples then were heat-treated in air at 350ºC for 2 hours 
and furnace-cooled to room temperature to remove the residual stresses generated in 
the grinding and polishing.  
The annealed, polished samples were immersed in a SBF solution of ~1 L , 
which was maintained at 37 °C to mimic the body temperature in an agitated water 
bath for 1, 2, 3, 5 or  7 days, respectively. The SBF solution was prepared by 
dissolving 5.403 g NaCl, 0.736 g NaHCO3, 2.036 g Na2CO3, 0.225 g KCl, 0.182 g 
K2HPO4, 0.310 g MgCl2·6H2O, 11.928 g 2-(4-(2-hydroxyethyl)-1-piperazinyl) 
ethane surfonic acid (HEPES), 0.293 g CaCl2, 0.072 g Na2SO4 and 1.5 ml 1mol/L 
NaOH into double distilled water in sequence. HEPES and NaOH served as buffers 
to keep the pH value at 7.4. During the immersion, the SBF solution was in a 
stationary state; and there was no agitation in the SBF solution. Samples were 
immediately dried with compressed air and stored in a desiccator following the 
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immersion. 
The immersed samples were divided into two groups, one for Scanning Electron 
Microscopy (SEM) and EDS and the other for microindentation. Microindentations 
were made on the Ca-P precipitate layers formed on the immersed samples, using a 
diamond Vickers indenter on a Micro-Combi Tester (CSM Instruments, Needham, 
MA). The peak indentation load applied to the indenter was in the range of 25 mN to 
300 mN, and the loading rate and unloading rate were 200 mN/min with no holding 
time at the peak load. Arrays of indents were made with a minimum of 5 indents for 
each indentation load, and the spacing between two nearby indents was at least 3 
times larger than the size of the indents. The indenttaion marks were measured using 
an optical microscope and a SEM. After the indentations, the specimens were 
immediately stored in a desiccator. 
SEM with EDS capability was performed on a Hitachi S3200 instrument. The 
immersed samples were gold-palladium coated prior to SEM. All time-lapse SEM 
studies were performed on equivalent samples of bioglass. Samples were washed 
and dried, then kept in a desiccator in between characterization studies. 
 
7.3. Results and Discussion  
7.3.1 Growth of the Ca-P precipitate layers in SBF  
Ca-P precipitates were present soon after the bioglass samples were immersed 
into the SBF solution. Figure 7.1 shows the typical surface topology of the polished 
bioglass before being placed in SBF. The bioglass samples had smooth surface. 
Figure 7.2 shows the typical surface topology of the Ca-P precipitate layers growing 
on the surface of the bioglass samples. After only one day’s immersion, a thin Ca-P 
layer formed on the polished surface of the bioglass samples, while some deep 
scratches and micro-indents, which were made in purpose before the immersion, 
were still visible. After three days’ immersion, the polished surface of the samples 
was fully covered by a homogeneous Ca-P layer, and all the scratches and indents 
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were invisible under SEM. After seven days’ immersion, structure of double layers 
was observed. Random precipitates grew over the Ca-P layers. 
All the Ca-P precipitate layers cracked into multiple pieces due to drying in the 
vacuum chamber of SEM. The crack size increased with the increase in the 
immersion time, which was a function of the thickness of the Ca-P precipitate layers. 
By titling the samples for 90 degree, the thickness of the Ca-P precipitate layers was 
measured. Figure 3 shows the dependence of the thickness of the Ca-P precipitate 
layers on the immersion time. For comparison, the results obtained by Prakash et al. 
[165] also are shown in Figure 7.3. Using a curve-fitting for the results from the 
present study and those from Prakash et al. [165], one can easily find that the 
thickness of the Ca-P precipitate layers is proportional to the square root of the 
immersion time. This is typical for the material growth controlled by diffusion and 
suggests that the growth of the Ca-P precipitate layers was controlled by the ions 
diffusion to the polished surface of the bioglass.  
As pointed out by Prakash et al. [165], the Ca-P precipitation involves the 
dissolution of 2-4HPO  ions in SBF into 
3-
4PO  and the reaction of 
2+Ca  with 3-4PO  
and -OH to form 5 4 3Ca (PO ) (OH) . Thus, the growth rate of the Ca-P precipitate 
layer depends on the diffusion of 3-4PO  and 
2+Ca  ions to the polished surface of 
the bioglass. In general, there is an excess amount of 2+Ca  ions in SBF solution, the 
formation and growth of the Ca-P precipitate layer are determined by the 
concentration of 3-4PO , which gradually decreases with time. Since there was no 
growth of the Ca-P layer on the periphery of the bioglass, it is believed that materials 
dissolution could occur from the periphery of the bioglass as suggested by Prakash et 
al. [165].  
 
7.3.2 EDS characterization of the Ca-P precipitate layers  
Generally, the bioactivity of a bioceramics is dependent on the formation ability 
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of hydroxyapatite (HA) on the surface of the bioceramics in a physiological 
environment. However, HA is not the only phase of Ca-P composition forming in a 
physiological environment [168] ， [169]. Actually, octacalcium phosphate (OCP), 
dicalcium phosphate (C2P) and hydroxyapatite are all possible precipitates which 
could form in SBF.  
The EDS analysis on the Ca-P precipitate layers were used to determine the 
change of the Ca/P ratio with the immersion time. Figure 7.4 shows the dependence 
of the Ca/P ratio in the Ca-P precipitate layers on the immersion time in SBF. The 
Ca/P ratio was about 1 for the immersion time of 0.5 and 1 day in SBF, suggesting 
the precipitation of C2P (dicalcium phosphate). Then, the Ca/P ratio increased with 
increasing the immersion time and approached to a constant of 1.7 after 5 days’ 
immersion, which is close to 1.67 for the stoichiometric HA [170]. HA layer formed 
on the surface of the bioglass after 5 days’ immersion in SBF. 
The variation of the Ca/P ratio with the immersion time suggests that the growth 
of the Ca-P precipitate layers started with a stage of high phosphate concentration 
before the formation of the HA layer or C2P was the precursor for the growth of HA 
precipitates on 45S5 bioglass in SBF. According to Lu and Leng [171] in the analysis 
of the nucleation of Ca-P precipitates in SBF, the nucleation rate of OCP is 
substantially higher than that of HA, and HA is the most stable phase 
thermodynamically in SBF. C2P precipitation is thermodynamically impossible in 
normal SBF, unless there are high concentrations of calcium and phosphate ions in 
SBF [171]. The dissolution of 2-4HPO  ions from the bioglass into 
3-
4PO  in SBF 
resulted in the increase of phosphate ions at the beginning of the immersion, which 
led to a thermodynamically unstable solution and the formation of C2P precipitate 
layer. With the dissolution of 2-4HPO  ions into 
3-
4PO  being slowed down, the 
concentration of 3-4PO  decreased with time. The ratio of Ca/P in SBF increased due 
to an excess amount of 2+Ca  ions in SBF, and HA began to form.  
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7.3.3 Indentation characteristics 
The Ca-P precipitate layer, especially the HA layer, as a transition phase not only 
is essential for controlling the bioactivity of the bioglass but also plays an important 
role in bearing mechanical loading due to impact and wear. The mechanical behavior 
of the Ca-P precipitate layers determines the structural integrity of the implanted 
materials and the physiological realization and clinic performance of surgery.  
The mechanical behavior of the Ca-P precipitate layers on 45S5 bioglass was 
studied by using the microindentation technique. The indentation tests were carried 
out using the load-control mode. Prior to a full indentation, a pre-load of 5 mN was 
applied to the indenter in order to maintain the contact between the indenter and the 
surface of samples and to avoid the effect of impact. Figure 7.5 shows typical 
loading-unloading curves for the indentations of the Ca-P precipitate layers, which 
were formed after 7 days’ immersion in SBF. There exists slight difference in the 
loading curves for three different peak-indentation loads, which is likely due to the 
effects of local inhomogeneity. For the peak indentation load of 300 mN, the 
maximum indentation depth was less than 5 m. From Fig. 　 7.3, it is concluded that 
all the indentations did not penetrate over the interface between the Ca-P precipitate 
layer and the 45S5 biglass. 
Figure 7.6a shows typical SEM micrograph of the surface morphology 
surrounding an indent made by an indentation load of 200 mN on a Ca-P precipitate 
layer, which was formed by immersing the 45S5 bioglass in SBF for 7 days. In 
contrast to the indentation on the 45S5 bioglass [94], [153], there are no cracks 
surrounding the indent. Local pile-up is visible around the indent. Figure 7.6b shows 
an array of indents on the same sample. The distance between the indents is at least 
three times of the indentation size. Numerous precipitates are observed on the 
surface of the Ca-P layer. 
Using the SEM micrograph, one can measure the size of the indentations and 
calculate the indentation hardness, H , as 
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1.854FH
D
=                                                       
(7.1) 
where F  is the indentation load, and D  is the average diagonal length of the 
indents. Figure 7.7 shows the dependence of the indentation hardness on the 
thickness of the Ca-P precipitate layers. The indentation hardness first decreased 
from the value of 7.0 GPa for the 45S5 bioglass to 0.28 GPa for the Ca-P layer of 
7.51 m in thickness, then increased with the thickness to a value of 0.65 GPa for 　
the Ca-P layer of 15.81 m in thickness, and finally decreased slightly with the 　
increase in the thickness of the Ca-P precipitate layers. The results suggest that the 
indentation hardness of the 45S5 bioglass is much larger than those of the Ca-P 
precipitate layers. 
 According to Sargent [172], the indentation hardness of a film/substrate structure 
is determined by a weighted average of the volume of plastically deformed material 
in the film, fV , and that in the substrate, sV , as 
f f s s
f s
H V H V
H
V V
+
=
+
                                                  
(7.2) 
Here, fH  and sH  are the indentation hardness of the film and substrate, 
respectively. In general, the size of plastic zone underneath indentation is about 1.5 
to 2 times of the indentation depth. Thus, for a shallow indentation of a 
film/substrate structure with the indentation depth a few times less than the film 
thickness, the contribution of substrate to the indentation hardness of the 
film/substrate structure becomes negligible. As shown in Fig. 7.5, the maximum 
indentation depth was 4.83 m which is 4.8 time　 s less than 23.1 m of the Ca　 -P 
layer thickness for the samples immersed in SBF for 7 days. The ratio of 
/ ( )s f sV V V+  is approximately equal to zero. Therefore, the indentation hardness of 
0.40 GPa can represent the indentation hardness of the HA layers formed on the 
45S5 bioglass in SBF. The low indentation hardness of the HA layers likely is due to 
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the loose structure, as shown in Fig. 7.6a. There are numerous small cavities 
randomly distributing over the surface of the Ca-P layers, which has less resistance 
to the penetration of the indenter.   
The contact modulus of the Ca-P precipitate layers can be calculated from the 
unloading curves and the size of indentations. The contact stiffness of S  is first 
calculated by fitting the upper portion of the unloading curves, and the contact 
modulus of cE  is determined as 
2c p
SE
A
π
=
β
                                                     
(7.3) 
where pA  is the projected contact area, and β  is a correction factor of 1.0124 for 
Vickers indenter [173].  
Figure 7.8 shows the dependence of the contact modulus of the Ca-P precipitate 
layers on the Ca-P layer thickness. The contact modulus decreased from 36.0 GPa 
for the 45S5 bioglass to 5.7 GPa for the Ca-P precipitate layers of 13.0 m in 　
thickness, then increased with the increase in the thickness of the Ca-P precipitate 
layers and became a constant of 12.0 GPa for the HA layers. The contact modulus of 
the Ca-P layers is less than the 45S5 bioglass. Assuming that the Poisson ratio of the 
45S5 bioglass is in the range of 0.3 to 0.5, one can use the contact modulus to obtain 
the elastic modulus of the 45S5 bioglass as 27 to 32.8 GPa, which is in accord with 
the value of 30–35 GPa as determined by ASTM standard C623-71[94].  
 As a good first-order approximation, it has been suggested that the indentation 
depth needs to be less than 10% of the film thickness [174], [175] to avoid the substrate 
effect on the measurement of the contact modulus of film. For the indentations of the 
HA layers formed by immersing the samples in SBF for 7 days, the maximum 
indentation depth is 4.8 times less than the thickness of the HA layers. Thus, the 
45S5 bioglass substrate has relatively negligible effect on the contact modulus of the 
HA layers measured from the indentations; and one can approximate 12.0 GPa as the 
contact modulus of the HA layer formed on the surface of the 45S5 bioglass in SBF. 
 
128 
Using the Poisson ratio of 0.3 to 0.5, the Young’s modulus of the HA layers is found 
to be in the range of 9.0 to 10.9 GPa. The Young’s modulus of the HA layers is much 
smaller than that of the sintered-formed HA (70-120 GPa [167], [1]), while it is very 
close to that of the cortical bone (7-30GPa [1]). Such a large difference in the Young’s 
modulus is due to the difference in the microstructure of the HA. In contrast to the 
sintered-formed HA, the HA layer formed in SBF is loose structure consisting of 
spherical aggregates [176]. The loose structure with spherical aggregates causes the 
decrease in mechanical integrity of the 45S5 bioglass in physiological environment, 
while it promotes the ingrowth of natural bone. 
 
7.4. Summary  
 The bioactivity of bioglasses depends on the growth of the Ca-P precipitate layer 
and the mechanochemical interaction in the human physiological solution. Using 
SEM, the growth behavior of the Ca-P precipitate layers on 45S5 bioglass in SBF 
was characterized. The thickness of the Ca-P precipitate layers increased with the 
immersion time and was proportional to the square root of the immersion time. This 
result suggested that the growth of the Ca-P precipitate layer on 45S5 bioglass in 
SBF was totally controlled by the diffusion of 3-4PO  and 
2+Ca  ions to the surface 
of the bioglass as expected. The Ca-P ratio in the Ca-P precipitate layers was 
identified by using EDS, which increased with the immersion time and approached a 
constant of 1.67 for stoichiometric HA. The results demonstrated that a 
hydroxyapaptite layer (Ca/P ratio of 1.67 by EDS) was formed after 5 days’ 
immersion and a dicalcium phosphate (Ca/P ratio of 1.25 by EDS) was formed after 
0.5-1 day’s immersion. 
 Using the indentation technique, the localized deformation of the Ca-P 
precipitate layer on 45S5 bioglass was determined. The indentation hardness 
decreased from a value of 7.0 GPa for the 45S5 bioglass to 0.28 GPa for the Ca-P 
layer of 7.51µm in thickness, then increased with the thickness to a value of 0.65 
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GPa for the Ca-P layer of 15.81µm in thickness, and finally decreased with the 
increase in the thickness of the Ca-P precipitate layer. The indentation hardness of 
the HA layer formed in SBF was found to be 0.40 GPa. The contact modulus 
decreased from 36.0 GPa for the 45S5 bioglass to 5.7 GPa for the Ca-P precipitate 
layer of 13.0µm in thickness, then increased with the increase in the thickness of the 
Ca-P precipitate layer and became a constant of 12.0 GPa for the HA layer. The low 
indentation hardness and contact modulus of the Ca-P precipitate layers on the 
surface of the 45S5 bioglass was due to the formation of loose structure. 
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Figure 7.1. surface topology of the bioglass 45S5 samples before the SBF 
immersion. 
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Figure 7.2. Evolution of surface topology of the Ca-P precipitate layers on the 
surface of the bioglass samples in SBF, (a) after 1 day’s immersion; (c) after 3 days’ 
immersion; (c) after 7 days’ immersion.  
a) 
b) 
c) 
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Figure 7.3. Variation of the Ca/P ratio in the Ca-P precipitate layers with immersion 
time 
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Figure 7.4. Variation of the thickness of the Ca-P precipitate layers with the 
immersion time in SBF. (The results from Prakash et al. [165] are the thickness of the 
apatite layerd formed on the composite disks with 40% hydroxyapatite (HA) in a 
PEEK matrix) 
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Figure 7.5. Typical loading-unloading curves for the indentation of a Ca-P 
precipitate layer formed by immersing a 45S5 bioglass in a SBF solution for 7 days 
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Figure 7.6. (a) SEM micrograph of the surface morphology surrounding an indent, 
and (b) SEM image of an array of indents. (The indented sample was immersed in 
SBF for 7 days. F is the peak indentation load.) 
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Figure 7.7. Dependence of the indentation hardness on the thickness of the Ca-P 
precipitate layers 
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Figure 7.8. Dependence of the contact modulus on the thickness of the Ca-P 
precipitate layers 
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Chapter 8 Conclusion and Future work 
8.1 Conclusion 
   The bioactivity of bioactive glass depends on the material microstructure and the 
mechanochemical interaction in the human physiological solution. Using the 
microindentation technique, the mechanical properties including the indentation 
hardness and fracture toughness of bioglass 45S5 were obtained both before and 
after being fully crystallized. The anelastic indentation recovery of the bioglass 45S5 
was observed at room temperature from the depth recovery and the shrinking of the 
imprint marks.  
   To achieve the study goals, as an important gauge of the in vitro bioactivity of 
45S5 bioglass, the surface dissolution of bioglass 45S5 in phosphate buffer solution 
(PBS) was characterized as a function of the indentation load by using a Vickers 
indenter. The surface morphology in the area surrounding micro-indents on the 
surface of the indented bioglass 45S5 is markedly different from that of the surface 
away from the indents after being immersed in PBS solution. The crack tips with 
tensile strain dissolved much faster than the stress-free surface. The crack tips blunt 
via dissolution with 1 day’s immersion in PBS. The region under compression 
remained un-dissolved after 1 week’s immersion in PBS due to strain relaxation of 
the undercutting of the indented region. If a bioactive glass were to have a residual 
compression in one area and zero compression or tension in another, a different rate 
of resorption could likely be realized in different areas resulting in different 
site-specific rates of cell proliferation and growth for integration. A paradox exists 
when attempting to increase the fracture toughness of bioactive glasses. Compressive 
surface strain certainly increases surface fracture toughness [177] but, as this work 
demonstrates, compressive strain alters the dissolution behavior of bioglass to make 
it less bioactive. Thus it is important to weigh the gains in mechanical properties 
with the loss in bioactivity by altering residual strain and stress states.  
The local residual stress around an indent along the direction of 45 º to the 
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diagonal of the indents was quantified by the primary/secondary indents methods 
described in chapter 4. The surface around the indent was under a compressive stress 
state along the radial direction after the indentation. At fixed distance from the center 
of indents, the average local residual stress increased with the increase in the 
indentation load. At fixed maximum indentation load, the magnitude decreased with 
increasing distance away from the center of the indent. In the field far away from the 
indent center, the residual stress was approaching zero which indicated a stress-free 
state.  
A spherical indenter was used to study the local deformation of 45S5 bioglass 
and also the behavior of the material dissolution around the indents. For the indents 
made with maximum indentation load larger than 1000 mN, radial cracks were 
created in addition to multi-ring cracks over the contact zone. For the indents made 
with maximum indentation load larger than 2000 mN, the indentation hardness 
gradually increased with the indentation load and reached a constant of 6.2 GPa. Fast 
dissolution occurred over the indentation-created damaged zone, including the edges 
of the cracks. Multiple small debris and ring-type grooves were observed; the depth 
and width of the grooves and cracks increased with the immersion time. A smooth 
surface surrounding the indents was formed over a long period of immersion, which 
was likely due to the confinement of material dissolution controlled by local 
compressive residual stress as observed from the Vickers indentation.  
The mechanical properties of fully-crystallized bioglass 45S5 were also obtained 
by using Vickers indentation. An indentation hardness of 7.42±0.95 GPa was 
obtained, which is independent of the indentation load under the experimental 
conditions and the same as 7.47±0.51 GPa for the vitreous 45S5-bioglass. The 
average contact modulus was 12.14±1.15 GPa, about 3 times less than that for 
45S5-bioglass in a vitreous state. The fracture toughness of the crystallized 
45S5-bioglass was also about 3 times less than that of annealed 45S5-bioglass in 
vitreous state. Random surface dissolution was present with fast lateral dissolution 
rate over the undeformed surface. Surface precipitation occurred after four days’ 
immersion, and a mineralized layer was formed over the entire surface of the 
 
140 
crystallized 45S5 bioglass after five days’ immersion. There was a decrease in the 
calcium-phosphate ratio with immersion time. It is believed that a hydroxyapaptite 
layer (Ca/P ratio of 1.68 by EDS) was formed after seven-days’ immersion and a 
dicalcium phosphate (Ca/P ratio of 1.25 by EDS) was formed after nine-days’ 
immersion. 
   HA layers were observed on the surface of bioglass 45S5 after immersion in SBF. 
The thickness of the HA layers increased with the immersion time, following a 
parabolic relation. The contact elastic stiffness increases with the maximum 
indentation load in a linear relationship. There is a minimum modulus point when 
the immersion time was about 1 day and the thickness of HA was about 10 µm. 
When the time increased from 1 day to 7 days, the modulus increased and reached a 
maximum value of ~12.013GPa. When the immersion time increased from 0.5 day 
to 1 day, the modulus decreased with time. The Ca-P ratio reached about 1 when the 
immersion time was 1 day, which indicated the formation of C2P and the Ca-P ratio 
reached 1.7 when the immersion time was 7 days, which indicated the formation of 
HA. 
 
8.2 Future work 
   There is a substantial scope for carrying out further research that will extend the 
work presented in this dissertation.  
   The dissolution and precipitation behaviors of crystallized bioglass 45S5 in SBF 
have been studied. The grain boundary remained undissolved after 1 week’s 
immersion which suggested that the region inside grains dissolved much faster. Also 
patterns which looked like orientated were observed on the “wall” of the undissolved 
grain boundary. TEM as a characterization technique is suggested to observe the 
orientation of the grain boundary surface in future studies. Chemical analysis, such 
as EDS or FTIR, needs be carried out to detect the mechanisms controlling the 
dissolution rates of grain boundaries and the grains. At the same time, the 
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mechanical properties of both grain boundaries and grains can be hardly 
characterized by micro-indentation due to the small size of the grains. 
Nano-indentation will be a good method to measure the mechanical performance 
instead.  
  The fracture toughness of the materials was greatly increased by being fully 
crystallized, however the dissolution performance of the materials were also 
hindered due to the presence of grain boundaries. In order to get a good balance 
between the fracture toughness and the biological performance of the glass-ceramic 
composites, the effects of crystallinity of bioglass on the mechanical properties and 
the in vitro behaviors can be detected by changing the crystallinity. The crystallinity 
can be controlled by the heat treatment parameters including temperature and time. 
The crystallinity can be characterized by the XRD technique. The further 
understanding of the importance of crystallinity of bioglass 45S5 is expected to 
contribute to the optimal design of the processing of implants made with bioactive 
glass.  
   Besides the dissolution of the bioactive glass, the formation of hydroxapatite 
layer is also an important factor to induce the ingrowth of natural bone in real 
applications. It was observed that the thickness of the hydroxapatite was varied with 
the stress distribution, immersion time and also the locations within the sample such 
as on the grain boundary or inside grains in fully crystallized glass-ceramic 
composites. Thus, the effect on the in vitro bioactivity response can be quantified by 
measuring the growth of the hydroxapatite layer thickness using Fourier transform 
infrared (FTIR) spectroscopy. The growth of the hydroxyapatite layer can be 
measured by the intensity of the P-O bonding peak which is near 602 or 575 cm-1 [28] 
related to that of the Si-O bonding peak (near 450 cm-1). An Si-O to P-O peak ratio 
(Si:HA) less than 1 has been found to be associated with a well established HCA 
layer. Future studies should use this technique to correlate stress and crystallinity 
effects with HA layer formation, and in turn the effects of HA on later stages in the 
bioglass activity sequence.  
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